High energy behavior of the quark elastic form factors within the Wilson integrals approach: perturbative and nonperturbative contributions

Igor O. Cherednikov^{12}

Joint Institute for Nuclear Research RU-141980 BLTP JINR Dubna, Russia

Abstract The Wilson integrals (world-line) approach is applied systematically to study the high-energy behavior of the light quarks form factors in the Sudakov regime. The one-loop order results for the quark-photon (color singlet form factor) and quark-gluon (color non-singlet form factor) vertices are presented. The role of nonperturbative contributions is discussed.

In the sector of the strong interactions of the Standard Model, the elastic form factors of quarks are the most elementary entities exhibiting the double-logarithmic behavior at large transferred momentum. These quantities enter the quark-photon and quark-gluon vertices in the calculations of various QCD processes at the partonic level, and are under active investigation nowadays [1, 2]. Very recently, the investigations of the form factors of quarks has been connected with the progress in experimental study of the constituent quarks and search for the perturbative and nonperturbative effects in their structure from low to high energies [3].

Here we apply the powerful Wilson integrals techniques [4, 5, 6] to perform the Sudakov resummation of soft gluon radiative corrections to the quark-vector boson vertices with large transferred momentum. The world-line formulation of a quantum theory is actively developed not only due to the wide range of applications in the perturbative QFT, but also from the point of view of the various string theories (for a recent review, see [7] and Refs. therein). The attractive feature of this approach is that it does not refer directly to the standard perturbative technique allowing one to avoid the diagrammatic calculations which are very involved in non-Abelian gauge theories. Therefore, it is equally suitable for the perturbative as well as for nonperturbative calculations [8]. In this report, we demonstrate how the Wilson integrals formalism can be applied to arbitrary gauge fields in n-dimensional space-time, in a particular case of the on-shell quark form factor.

The quark form factor can be defined via the amplitude of the elastic quark scattering (in the Sudakov kinematics) in an external gauge field—the quark on a mass shell comes from infinity, emits the hard vector boson at the origin, and goes away to infinity:

u_i(p) [M_μ]^a_{ij} v_j(p^′) = F [ (p − p^′)^2; ξ ] ū_i(p)t^a_{ij} γ_μv_j (p^′) , (1)

where p, p^′ are the momenta of the in-coming and out-going quarks, and ξ is the covariant gauge-fixing parameter. In this formulae, we write down the vector boson and quark color

1email: igor.cherednikov@jinr.ru 2The work is partially supported by RFBR (Grant Nos. 03-02-17291, 02-02-16194), Russian Federation President’s Grant 1450-2003-2, and INTAS (Grant No. 00-00-366).

indices a, (i, j) for generality, assuming that the external vector boson is a colored gluon [9]. The case of the photon is trivially restored by means of the replacement of t^a_{ij} by the unity matrix. The Sudakov kinematics is determined by the small masses of the quarks and large squared transferred momentum:

m^2 = p^2_1 = p^2 , (p_1p_2) = m^2 cosh χ , (p_1p_2) >> m^2 (2)

Following the Refs. [5, 6], we express the contribution of the resumed soft gluon radiative corrections to the form factor as the vacuum average of two path-ordered exponentials

G^a_{ij} F (Q^2; ξ) = ⟨ 0 | | |T { W_{ii}′ G^a_i′_j′ W_j′_j }| |0 ⟩ , (3)

where W_{ii}′ = P exp [ ig t^αv^1_μ ∫_0 −∞ dσ A^α_μ(v^1σ) ] | | | |_{ii′} (4) and W_j′_j = P exp [ ig t^βv^2_μ ∫_∞ 0 dσ A^β_μ(v^2σ) ] | | | j^′j . (5)

The quark trajectories can be parameterized as:

In-Trajectory: x_μ = v^1_μ τ , τ ∈ [−∞, 0] , v^1_μ = p^1_μ/m , (6)

Out-Trajectory: y_ν = v^2_ν σ , σ ∈ [0, +∞] , v^2_ν = p^2_ν /m . (7) For calculations to the O(g^2) accuracy, it is convenient to present the gauge field propagator D_{μν} (z): ⟨ 0 | |T A^α_μ (x)A^β_ν (y) | |0 ⟩ = D^{αβ}_{μν} (x − y) = δ^{αβ} D_{μν} (x − y) (8) in the form [10]:

D_{μν} (z) = g_{μν} ∂_ρ∂^ρD_1(z^2) − ∂_μ∂_ν D_2(z^2) . (9) First, we present the vacuum averaged Wilson integral Eq. (3) in n-dimensional spacetime, for an arbitrary gauge field which can be of any origin, for instance, nonperturbative. The leading order g^2 terms stem from the expressions:

W^{(1)}_{LO} = − g^2 2 t^a_{ij} C_F v^1_μv^1_μ′ ∫_∞ 0 dσ ∫_∞ 0 dσ^′ θ(σ − σ^′) D_{μμ}′ [ v^1(σ − σ^′) ] , (10)

W^{(2)}_{LO} = − g^2 2 t^a_{ij} C_F v^2_μv^2_μ′

∫_0 −∞ dσ ∫_0 −∞ dσ^′ θ(σ − σ^′) D_{μμ}′ [ v^2(σ − σ^′) ] , (11) and W^{(12)}_{LO} = − g^2 2 G_F t^a_{ij} v^1_μv^2_ν ∫_∞ 0 dτ ∫_∞ 0 dσ D_{μν} (v^1τ + v^2σ) . (12)

The general expressions in n dimensions and arbitrary covariant gauge, with the gauge field two-point correlator expressed as Eq. (9):

W^{(1)} = W^{(2)} = −t^a_{ij} g^2 2 C_F [ (n − 2)D_1(−⃗b^2) + 2⃗b^2D^′_1(−⃗b^2) + D_2(−⃗b^2) ] , (13)

W^{(12)}(χ) = t^a_{ij} g^2G_F [ χcothχ ( (n − 2)D_1(−⃗b^2) + 2⃗b^2D^′_1(−⃗b^2) ) + D_2(−⃗b^2) ] , (14)

up to O(g^4) order terms. Here C_F = (N^2_c − 1) /2N_c is the quadratic Casimir operator in the fundamental representation, and G_F is the color factor which is G_F = C_F for the external photon field (color singlet form factor) and G_F = C_F − C_A/2, C_A = N_c, for the gluon probe (color non-singlet form factor). The space-like transversal vector ⃗b is introduced in order to regulate the UV divergence.

Performing the standard renormalization procedure within the MS scheme, described in detail in Refs. [12, 11, 5], one finds for the perturbative gluon field (with λ^2 being the IR cutoff)

W^{(1)}_{LO}(α_s, μ^2/λ^2; ξ) = W^{(2)}_{LO}(α_s, μ^2/λ^2; ξ) = t^a_{ij} α_s 4π C_F ( 1 − ξ 2 ) ln μ^2 λ^2

, (15) and W^{(12)}_{LO} (α_s, χ, μ^2/λ^2; ξ) = −t^a_{ij} α_s 2π G_F [ χcothχ − ξ 2 ] ln μ^2 λ^2

. (16)

Here the UV-normalization point is taken μ^2 = 4⃗b^{−2}. The total one-loop contribution to the form factor is given by the sum

F^{NS}_{LO} (Q^2; ξ) = W_0 + 2W^{(1)}_{LO} ( α_s, μ^2 λ^2 ) + W^{(12)}_{LO} ( α_s, μ^2 λ^2 , χ ) + O(α^2_s) . (17)

The high-energy asymptotic behavior of the form factor is determined by the (gaugedependent) cusp anomalous dimension which stems from the renormalization of the Wilson integral (3) [5]: ( μ^2 ∂ ∂μ^2 + β(α_s) ∂ ∂α_s + δ(α_s, ξ)ξ ∂ ∂ξ ) ln F (χ) = − 1 2 Γ^{NS}_{cusp} [ α_s(μ^2); χ ] . (18)

This anomalous dimension reads in our case: Γ_{cusp} [ α_s(μ^2); χ ] = α_s π [ G_F χcothχ + C_F − G_F 2 ξ − C_F ] + O(α^2_s) . (19)

It is easy to see that for the color singlet case, the gauge dependent term is cancelled, as it should be for the gauge invariant quantity.

Therefore, the leading (double-logarithmic) behavior of the quark form factor is found from the corresponding evolution equation, and is given by F [ Q^2 ] = exp ( −G_F ∫_Q2

λ^2 dμ 2μ ln Q^2 μ α_s(μ) π + NLO terms ) F [ α_s(λ^2) ] =

= exp [ − 2G_F β_0 ln Q^2 ln ln Q^2 + O(ln Q^2) + NLO terms ] F [ α_s(λ^2) ] . (20)

In any case, the dependence from the gauge-fixing parameter ξ drops out of the leading logarithmic expression for Γ_{cusp}, and yields no influence on the main asymptotics. Thus we find that the cusp anomalous dimension for the non-singlet quark form factor has a negative sign—in contrast to the singlet case—what leads, in the large-Q^2 regime, to the enhancement, rather than suppression, of the contribution due to the resumed soft gluon radiative corrections.

The formulas (13, 14) can be explored to compute the leading contributions to the Wilson vacuum average for an arbitrary SU(N_c) gauge field in any covariant gauge, in ndimensional space-time. For instance, the nonperturbative instanton-induced corrections, as well as the IR-renormalon effects are evaluated within this approach in Refs. [10]. Within the Instanton Liquid Model (ILM) of the QCD vacuum [13], the the leading nonperturbative (instanton-induced) corrections B_I result in a finite renormalization of the subleading perturbative term, while the asymptotic “double-logarithmic” behaviour is controlled by the perturbative cusp anomalous dimension: F [ Q^2 ] = exp [ − 2G_F β_0 ln Q^2 ln ln Q^2 − ln Q^2 ( B_I − 2G_F β_0 ) + O(ln ln Q^2) ] F_0 [ q^2_0 ; λ^2 ] , (21) where B_I =

Γ(β_0/2)[Γ(β_0/2 − 2)]^3 2 [Γ(β_0/2 − 3/2)]^4 π^2n̄ρ̄^4 ln 2πσ λ^2

. (22)

Numerically, the magnitude of the instanton effects is determined by the vacuum diluteness parameter f = π^2n̄ρ̄^4—the so-called “packing fraction” f ≈ 0.12 for the following ILM average density and instanton size: n̄ ≈ 1fm^{−4}, ρ̄ ≈ 1/3fm . (23) References

[1] Yu. Dokshitzer, D. Dyakonov, S. Troyan, Phys. Reports 58 (1980) 269; A. H. Mueller, Phys. Reports 73 (1981) 237

[2] G. Parisi, Phys. Lett. B90 (1980) 295; G. Curci, M. Greco, Phys. Lett. B92 (1980) 175; H.n. Li, G. Sterman, Nucl. Phys. B381 (1992) 129; L. Magnea, G. Sterman, Phys. Rev. D42 (1990) 4222

[3] R. Petronzio, S. Simula, G. Ricco, Phys. Rev. D67 (2003) 094004; S. Simula, Phys.

Lett. B574 (2003) 189

[4] A. Bassetto, M. Ciafaloni, G. Marchesini, Phys. Reports 100 (1983) 201; O. Nachtmann, Ann. Phys. (N.Y.) 209 (1991) 436

[5] G. Korchemsky, A. Radyushkin, Sov. J. Nucl. Phys. 45 (1987) 910; Nucl. Phys. B283 (1987) 342; G. Korchemsky, Phys. Lett. B220 (1989) 629; Phys. Lett. B217 (1989) 330 [6] G.C. Gellas, A.I. Karanikas, C.N. Ktorides, N.G. Stefanis, Phys. Lett. B412 (1997) 95; A.I. Karanikas, C.N. Ktorides, N.G. Stefanis, Eur. Phys. J. C26 (2003) 445

[7] C. Schubert, Phys. Rept. 355 (2001) 73

[8] Yu.A. Simonov, J.A. Tjon, Annals Phys. 300 (2002) 54; A.V. Belitsky, A.S. Gorsky, G.P. Korchemsky, Nucl. Phys. B667 (2003) 3

[9] J.J. Carazzone, E.C. Poggio, H.R. Quinn, Phys. Rev. D11 (1975) 2286; [Erratumibid. D12 (1975) 3368] Yu. A. Sitenko, Yad. Fiz. 27 (1978) 1098 (in Russian); I.O. Cherednikov, hep-ph/0312258

[10] A. Dorokhov, I. Cherednikov, Phys. Rev. D66 (2002) 074009; Phys. Rev. D67 (2003) 114017; Phys. Part. Nucl. 35 (2004), in print; I. Cherednikov, Surv. High Energy Phys. 18 (2003) 205, hep-ph/0305055

[11] Yu.M. Makeenko, A.A. Migdal, Phys. Lett. B88 (1979) 135; Nucl. Phys. B188 (1981) 269; A. Polyakov, Phys. Lett. B82 (1979) 247; Nucl. Phys. B164 (1980) 171

[12] V. S. Dotsenko, S. N. Vergeles, Nucl. Phys. B169 (1980) 527; R. A. Brandt, F. Neri, M.-A. Sato, Phys. Rev. D24 (1981) 879; R. A. Brandt, A. Gocksch, M. A. Sato, F. Neri, Phys. Rev. D26 (1982) 3611. J.G.M. Gatheral, Phys. Lett. B133 (1983) 90; J. Frenkel, J.C. Taylor, Nucl. Phys. B246 (1984) 231

[13] T. Schäfer, E.V. Shuryak, Rev. Mod. Phys. 70 (1998) 323; D. Diakonov, V. Petrov, Nucl. Phys. B245 (1984) 259