arXiv:hep-ph/0304064 v1 7 Apr 2003

SMALL X BEHAVIOR OF PARTON DISTRIBUTIONS WITH FLAT INITIAL CONDITIONS.

A STUDY OF HIGHER-TWIST EFFECTS

A.V. Kotikov^{1†} and G. Parente^{2†}

(1) Institut fuer Theoretical Teilehenphysik, Universitaet Karsruhe, D-76128 Karsruhe, Germany and BLThPh, Joint Institute for Nuclear Research, 141980 Dubna, Russia (2) Departamento de Física de Partículas, Universidade de Santiago de Compostela, 15706 Santiago de Compostela, Spain † E-mail: kotikov@thsun1.jinr.ru, gonzalo@fpaxp1.usc.es

Abstract We study the Q^2 evolution of parton distributions at small x values, obtained in the case of flat initial conditions. The contributions of twist-two and (renormalontype) higher-twist operators of the Wilson operator product expansion are taken into account. The results are in good agreement with deep inelastic scattering experimental data from HERA.

1 Introduction

The measurements of the deep-inelastic scattering structure function (SF) F_2 in HERA [1, 2] have permitted the access to a very interesting kinematical range for testing the theoretical ideas on the behavior of quarks and gluons carrying a very low fraction of momentum of the proton, the so-called small x region. In this limit one expects that nonperturbative effects may give essential contributions. However, the reasonable agreement between HERA data and the next-to-leading order (NLO) approximation of perturbative QCD that has been observed for Q^2 > 1GeV^2 (see the review in Ref. [3]) indicates that perturbative QCD could describe the SF evolution up to very low Q^2 values, traditionally explained by soft processes^1. It is of fundamental importance to find out the kinematical region where the well-established perturbative QCD formalism can be safely applied at small x.

The standard program to study the small x behavior of quarks and gluons is carried out by comparison of data with the numerical solution of the DGLAP equations by fitting the parameters of the x profile of partons at some initial Q^2_0 and the QCD energy scale Λ (see, for example, [6, 7]). However, if one is interested in analyzing exclusively the small x region (x ≤ 0.01), there is the alternative of doing a simpler analysis by using some of the existing analytical solutions of DGLAP in the small x limit (see, for example, Ref. [3] for review). This was done so in Refs. [8]-[12] where it was pointed out that the HERA small x data can be interpreted in terms of the so called doubled asymptotic scaling phenomenon related to the asymptotic behavior of the DGLAP evolution discovered in [13] many years ago.

Here we compile results obtained in [9]-[11], where the contributions of higher-twist (HT) operators (i.e. twist-four ones and twist-six ones) of the Wilson operator product

1The agreement can be explained [4] by an effective coupling constant scale essentially higher then Q^2 (see review [5] and references therein).

expansion are taken into account^2. The importance of the contributions of HT operators at small-x has been demonstrated in many studies (see [15]).

We would like to note that the results of [9] are the extension to the NLO QCD approximation of previous leading order (LO) studies [13, 8]. The main ingredients are:

1. Both, the gluon and quark singlet densities are presented in terms of two components (^′+^′ and^′−^′) which are obtained from the analytical Q^2 dependent expressions of the corresponding (^′+^′ and^′−^′) parton distributions moments.

2. The^′−^′ component is constant at small x, whereas the^′+^′ component grows at Q^2 ≥ Q^2_0 as ∼ exp (σ_{N LO}), where

σ_{N LO} = 2 √ (d̂_+s + D̂_+p) ln x,

and the LO term d̂_+ = −12/β_0 and the NLO one D̂_+ = d̂_{++} + d̂_+β_1/β_0 with d̂_{++} = 412f/(27β_0 ). Here the coupling constant a_s = α_s/(4π), s = ln(a_s(Q^2_0)/a_s(Q^2)) and p = a_s(Q^2_0) − a_s(Q^2), β_0 and β_1 are the first two coefficients of QCD β-function and f is the number of active flavors.

2 Basical formulae

Thus, our purpose is to demonstrate the small x asymptotic form of parton distributions in the framework of the DGLAP equation starting at some Q^2_0 with the flat function:

f^{τ 2}_a (Q^2_0) = A_a ( hereafter a = q, g), (1)

where f^{τ 2}_a are the leading-twist (LT) parts of parton (quark and gluon) distributions multiplied by x and A_a are unknown parameters that have to be determined from data. Through this work at small x we neglect the non-singlet quark component.

We would like to note that new HERA data [2] demonstrate a rise of SF F_2 at low Q^2 values (Q^2 < 1GeV^2) when x → 0 (see Fig.2, for example). The rise can be explained in natural way by incorporation of HT terms in our analysis (see section 2.2).

We shortly compile below the main results found in [9, 12] at the LO approximation (the LT results at the NLO approximation may be found in [9]). The full small x asymptotic results for parton distributions and SF F_2 at LO of perturbation theory is:

F_2(x, Q^2) = e · [ f^{τ 2}_q (x, Q^2) + f^{hτ}_q (x, Q^2) + f^{hτ}_g (x, Q^2) ] , (2)

where e = ( ∑_f 1 e^2_i )/f is the average charge square. The LT parts f^{τ 2}_a (x, Q^2) and the HT ones f^{hτ}_a (x, Q^2) can be represented as sums of the^′+^′ and^′−^′ components

f^{τ 2}_a (x, Q^2) = f^{τ 2,+}_a (x, Q^2) + f^{τ 2,−}_a (x, Q^2) , f^{hτ}_a (x, Q^2) = f^{hτ,+}_a (x, Q^2) + f^{hτ,−}_a (x, Q^2). (3)

2.1 The LT contribution

The small x asymptotic results for parton distributions have the form

f^{τ 2,+}_g (x, Q^2) = ( A_g + 4 9 A_q ) Ĩ_0(σ) e^{−d}+^{(1)s} + O(ρ) , (4)

2Refs.[10, 11] and the present note deal with the contributions of HT operators only in the renormalon model approach (see [14]). The complete analysis of the HT contributions to the SF F_2, dF_2/d ln(Q^2) and F_L will be presented in [12].

f^{τ 2,+}_q (x, Q^2) = f 9 ( A_g + 4 9 A_q ) ρ Ĩ_1(σ) e^{−d+(1)s} + O(ρ) , (5)

f^{τ 2,−}_g (x, Q^2) = − 4 9 A_qe^{−d−(1)s} + O(x), (6) f^{τ 2,−}_q (x, Q^2) = A_qe^{−d−(1)s} + O(x) , (7)

where d_+(1) = 1 + 20f/(27β_0) and d_−(1) = 16f/(27β_0) are the regular parts of d_+ and d_− anomalous dimensions, respectively, in the limit n → 1^3. The functions Ĩ_ν (ν = 0, 1) are related to the modified Bessel function I_ν and to the Bessel function J_ν by:

ρ^νĨ_ν (σ) = { ρ^ν I_ν (σ), if s ≥ 0 (−ρ)^ν J_ν (σ), ρ = iρ, σ = iσ, if s < 0 . (8) The variables σ and ρ are given by

σ = 2 √ d̂_+s ln(x) , ρ = d̂_+s ln(x) = σ 2 ln(1/x) (9) 2.2 The HT contribution

Using the results in [10, 11] (which are based on calculations [14, 16]), we demonstrate the effect of HT corrections in the renormalon model case (see recent review of renormalon models in [17]). We sketch below the basical results making the following substitutions in the corresponding twist-two results presented in Eqs.(4)-(7) (complete formulae can be found in [12]):

f^{τ 2,+}_g (x, Q^2) and f^{τ 2,+}_q (x, Q^2) (see Eqs.(4) and (5)) → f^{hτ,+}_g (x, Q^2) and f^{hτ,+}_q (x, Q^2) by

A_aĨ_0(σ) → A_a 16f 15β^2_0 2∑ m=1 k_m (Λ_{m,a})^{2m} Q^2 ( 2 ρ Ĩ_1(σ) − ln ( Λ^2_{m,a} Q^2 ) Ĩ_0(σ) ) , (10) A_aρĨ_1(σ) → A_a 128f 45β^2_0 2∑ m=1 k_m (Λ_{m,a})^{2m} Q^2 ( 2 ρ Ĩ_1(σ) − ln ( Λ^2_{m,a} Q^2 ) Ĩ_0(σ) ) , (11)

where k_1 = 1, k_2 = −8/7 and Λ_{1,a} and Λ_{2,a} are magnitudes of twist-four and twist-six corrections.

f^{τ 2,−}_g (x, Q^2) and f^{τ 2,−}_q (x, Q^2) (see Eqs.(6) and (7)) → f^{hτ,−}_g (x, Q^2) and f^{hτ,−}_q (x, Q^2) by A_q → A_q 16f 15β^2_0 2∑ m=1 k_m (Λ_{m,q})^{2m} Q^2 ln ( Q^2 x^2Λ^2_{m,q} ) , (12) A_q → A_q 128f 45β^2_0 2∑ m=1 k_m (Λ_{m,q})^{2m} Q^2 ( ln ( Q^2 xΛ^2_{m,q} ) − 11 3 ) ln ( 1 x ) . (13)

From Eqs.(10)-(13) one can notice that the higher-twist terms modify the flat condition Eq.(1). They lead to a rise of parton distributions and, thus, SF F_2 at low value Q^2_0, when x → 0. This is in excellent agreement with the recent low Q^2 HERA data [2].

3From now on, for a quantity k(n) we use the notation k̂(n) for the singular part when n → 1 and k(n) for the corresponding regular part.

Figure 1: The SF F_2 as a function of x for different Q^2 bins. The experimental points are from H1 [1]. The inner error bars are statistic while the outer bars represent statistic and systematic errors added in quadrature. The dashed and dot-dashed curves are obtained from fits (based on LT formulae) at LO and NLO respectively with fixed Q^2_0 = 1 GeV^2. The solid line is from the fit at NLO giving Q^2_0 = 0.55 GeV^2.

3 Results of the fits

With the help of the results obtained in the previous section we have analyzed F_2 HERA data at small x from the H1 and ZEUS collaborations [1, 2]. In order to keep the analysis as simple as possible we have fixed the number of active flavors f=4 and ΛMS(n_f = 4) = 250 MeV, which is a reasonable value extracted from the traditional (higher x) experiments. Moreover, we put Λ_{1,a} = Λ_{2,a} in agreement with [18]. The initial scale of the parton densities was also fixed into the fits to Q^2_0 = 1 GeV^2, although later it was released to study the sensitivity of the fit to the variation of this parameter. The analyzed data region was restricted to x < 0.01 to remain within the kinematical range where our results are accurate.

Fig. 1 shows F_2 calculated from the fit (based only on LT formulae) with Q^2 > 1 GeV^2 in comparison with 1994 H1 data (first article in [1]). Only the lower Q^2 bins are shown. One can observe that the NLO result (dot-dashed line) lies closer to the data than the LO curve (dashed line). The lack of agreement between data and lines observed at the lowest x and Q^2 bins suggests that the flat behavior should occur at Q^2 lower than 1 GeV^2. In order to study this point we have done the analysis considering Q^2_0 as a free parameter. Comparing the results of the fits (see [9]) one can notice the better agreement with the experiment at fitted Q^2_0 = 0.55 GeV^2 (solid curve) is apparent at the lowest kinematical bins.

Fig. 2 shows F_2 calculated from the fit at LO (based on LT & HT formulae) in comparison with 1995 H1 and ZEUS data [2]. One can observe that these results (solid line) lies closer to the data than the twist-two results (dashed line). We have done the analysis considering Q^2_0 as a free parameter. Comparing the results of the fits (see [12]) one can notice the better agreement with the experiment at fitted Q^2_0 = 0.61 GeV^2, which

Figure 2: The SF F_2 as a function of x for different Q^2 bins. The experimental points are from H1 and ZEUS [2]. The inner error bars are statistic while the outer bars represent statistic and systematic errors added in quadrature. The solid curves are obtained from fits at LO, when contributions of HT terms have been incorporated. The dashed curves show only twist-two contributions.

is close to Q^2_0 in the analysis of 1994 H1 data (see Fig. 1).

4 Conclusions

We have shown that the results developed recently in [9]- [12] have relatively quite simple form and reproduce many properties of parton distributions at small x, that have been known from global fits.

We found very good agreement between our approach based on QCD and HERA data, as it has been observed earlier with other approaches (see the review [3]). The (renormalon-type) higher-twist terms lead to the natural explanation of the rise of F_2 at low x for the lowest values of Q^2 (≤ 1 GeV^2). The rise has been discovered in recent HERA experiments [2].

As next step of our investigations, we plan to study contributions of HT operators to relations between parton distributions and deep inelastic structure functions, observed, for example, in [19, 20].

Acknowledgments. One of the authors (A.V.K.) would like to express his sincerely thanks to the Organizing Committee of XVI International Baldin Seminar on High Energy Physics Problems “Relativistic Nuclear Physics and Quantum Chromodynamics” for the kind invitation. A.V.K. and G.P. were supported in part, respectively, by INTAS grant N366 (at the first time of the study) and by Alexander von Humboldt fellowship (at the end of the study) and by Galician research funds (PGIDT00 PX20615PR) and Spanish CICYT (FPA2002-01161).

References

[1] H1 Collab.:S. Aid et al., Nucl.Phys. B470 (1996) 3; ZEUS Collab.: M. Derrick et al., Zeit.Phys. C72 (1996) 399;

[2] H1 Collab.: I. Abt et al., Nucl.Phys. B497 (1997) 3; ZEUS Collab.: M. Derrick et al., Eur.Phys.J. C7 (1999) 609.

[3] A. M. Cooper-Sarkar et al., Int.J.Mod.Phys. A13 (1998) 3385. [4] Yu.L. Dokshitzer, D.V. Shirkov, Z. Phys. C67 (1995) 449; A.V. Kotikov, JETP Lett.

59 (1994) 1; Phys. Lett. B338 (1994) 349; W.K. Wong, Phys. Rev. D54 (1996) 1094. [5] Bo Andersson et al., Eur. Phys. J. C25 (2002) 77.

[6] A.D. Martin et al., Eur.Phys.J. C14 (2000) 133; M. Gluck, E. Reya and A. Vogt, Eur. Phys. J. C5 (1998) 461; H.L. Lai et al., Eur. Phys. J. C12 (2000) 375.

[7] G. Parente et al., Phys.Lett. B333 (1994) 190; A.L. Kataev et al., Phys.Lett. B388 (1996) 179; Phys. Lett. B417 (1998) 374; Nucl. Phys. Proc. Suppl. 64 (1998) 138; Nucl. Phys. B573 (2000) 405; V.G. Krivokhijine and A.V. Kotikov, hep-ph/0108224.

[8] R.D. Ball and S. Forte, Phys.Lett. B336 (1994) 77; L. Mankiewicz et al., Phys.Lett.

B393 (1997) 175.

[9] A.V. Kotikov and G. Parente, Nucl.Phys. B549 (1999) 242.

[10] A.V. Kotikov and G. Parente, in Proc. of PQFT98 (1998), Dubna (hep-ph/9810223);

in Proc. of DIS 2000 (2000), Liverpool (hep-ph/0006197); in Proc. of Diffraction 2000 (2000), Cetraro (hep-ph/0010352).

[11] A.V. Kotikov and G. Parente, in Proc. of ISHEPP XV (2000), Dubna (hep-ph/0012299); in Proc. of DIS 2001 (2001), Bologna (hep-ph/0106175).

[12] J. Bartels, A.Yu. Illarionov, A.V. Kotikov, and G. Parente, work in progress. [13] A. De Rújula et al., Phys.Rev. D10 (1974) 1649.

[14] E. Stein, M. Maul, L. Mankiewicz, and A. Schäfer, Nucl.Phys. B536 (1998) 318. [15] J. Bartels, Preprint DESY-91 074; Phys.Lett. B298 (1993) 204; Z.Phys. C60 (1993) 471; E.M. Levin, M.G. Ryskin and A.G. Shuvaev, Nucl.Phys. B387 (1992) 589; A.D. Martin and M.G. Ryskin, Phys. Lett. B431 (1998) 395; J. Bartels and C. Bontus, Phys.Rev. D61 (2000) 034009.

[16] A.V. Kotikov, Phys.Atom.Nucl. 57 (1994) 133; Phys.Rev. D49 (1994) 5746. [17] M. Beneke, Phys. Reports 317 (1991) 1.

[18] M. Dasgupta and B.R. Webber, Phys. Lett. B382 (1996) 273. [19] A.V. Kotikov, JETP Lett. 59 (1994) 667; A.V. Kotikov and G. Parente, Phys.Lett.

B379 (1996) 195.

[20] A.V. Kotikov, JETP 80 (1995) 979; A. V. Kotikov and G. Parente, in Proc. of DIS96 (1996), Rome, p.237 (hep-ph/9609237) ; Mod.Phys.Lett. A12 (1997) 963; JETP 85 (1997) 17; A.V. Kotikov et al., Eur. Phys. J. C27 (2003) 219.