arXiv:hep-ph/0104142 v2 10 Nov 2001

Explicit expressions for Euclidean and Minkowskian QCD observables in analytic perturbation theory

D.S. Kourashev^a B.A. Magradze^b

Abstract Technical aspects of the Shirkov–Solovtsov’s analytic perturbation theory (APT) are considered. We construct explicitly two sets of specific functions, {A_n(s)} and { A_n(Q^2) } that determine the nonpower asymptotic expansions for Minkowskian and Euclidean QCD observables in APT. The results, up to third order, are written in terms of the Lambert W –functions. As an input we used the exact two loop and the three loop (corresponding to Padé transformed beta-function) RG solutions for common invariant coupling α_s. In addition, the exact three-loop coupling is expanded in powers of the exact two-loop solution. The excellent accuracy is achieved with few terms of this series. We derive order by order elegant systems of equations for both sets of the functions. Then we construct the global versions of the APT functions with quark thresholds in the M S scheme and give numerical results.

1 Introduction

In recent publications [1, 2] a modified version of QCD perturbation theory, free of unphysical singularities, was elaborated. It was termed the renormalization group (RG) invariant analytic approach [3]. In this works the idea to combine renormalization invariance and Q^2-analyticity for the running coupling was explored. New important properties of the analytic coupling established. This makes it possible to gain some information about infrared behavior of the theory starting from perturbative calculations.

In this paper we shall be concerned with analytic perturbation theory (APT) suggested in Ref. [4], a particular version of RG invariant analytic approach. A thorough mathematical investigation of the nonpower APT series has been undertaken in works [5], where the stability of APT results (as compared to the conventional perturbative approach) with respect to the renormalization scheme and higher loop dependence for the whole low energy region was explained (see also [6]). APT has been successfully used for description of many important spacelike and timelike processes (for a partial list of contributors to this subject, see ref. [3]).

For the reader’s convenience here we briefly summarize some aspects of APT. Let D(Q^2) be a dimensionless quantity, depending on a single energy scale Q. A suitable example for our purposes is Adler D-function related to some timelike process. Usually, it is presented in the form of power series^c

D_{pt}(Q^2) = D_0(1 + ∞∑ n=1 d_nα^n_s (Q^2, f)), (1)

here D_0 is a process dependent constant and f denotes the number of active quark flavors at the energy scale Q. In APT, the same quantity should be presented in the form of a nonpower

a Moscow State University, Physical Department, Moscow, Vorobyevy Gory, 119899, Russia E-mail: kourashev@mtu-net.ru

bBogoliubov Lab. of Theor. Physics, JINR, Dubna and A. Razmadze Tbilisi Mathematical Institute, 380093 Tbilisi, Georgia, E-mail: magr@rmi.acnet.ge.

cWe use the notation Q^2 = −q^2, Q^2 > 0 corresponds to a spacelike momentum transfer.

asymptotic expansion as

D_{an}(Q^2) = D_0(1 + ∞∑ n=1 d_nA_n(Q^2, f)) (2)

where A_n is the “analyticized n-th power” of the coupling in the spacelike region: A_n(Q^2, f) = {α^n_s (Q^2, f)}_{an}. Let R(s) be the physical quantity determined through D(Q^2) in the timelike domain (for example R_e+_e− (s) or R_τ (M_τ )). Then in APT it has the representation the [3, 7]

R(s) = R_0(1 + r(s)) r(s) = ∑_∞ n=1 d_nA_n(s, f). (3)

The functions A_n are defined through the transformation

A_n(s, f) = − 1 2πı ∫_{s+ıϵ} s−ıϵ dz z A_n(−z, f), (4) previously introduced in Refs. [8, 9] (see also recent paper [10]). The inversion of (4) reads

A_n(Q^2, f) = Q^2 ∫_∞ 0 ds (s + Q^2)^2

A_n(s, f). (5)

In recent works [5, 7] the universal functions A_n and A_n have been calculated analytically at the one loop order. In the infrared region, an oscillating behavior for these functions was observed. To construct these functions, beyond the one loop order, the iterative approximation for the running coupling was used [7, 11, 12] or RG equation was solved numerically in the complex domain [13].

Recently exact two-loop order solution to the RG equation has become available [14, 15]. The solution has been written in terms of the Lambert-W function. In addition, the third order RG equation (with Pade transformed β-function) has also been solved in terms of the same function [15]. These explicit solutions proved to be very useful for determination of the analyticity structure of the coupling in the complex Q^2-plane. Using the exact two loop solution the analytically improved coupling A^{(2)}_1 (Q^2, f) was reconstructed [14, 16].

Afterwards, in paper [17], a higher order solution to the RG equation (in arbitrary MS-like renormalization scheme) was expanded in powers of the scheme independent explicit two-loop order solution. In this way, a new method for reducing the scheme ambiguity for the QCD observables has been proposed. A similar expansion for the observable (depending on a single energy scale Q) motivated differently, has been suggested in [18].

The aim of this paper is to give practical formulas for calculation of the APT sets {A_n(Q^2, f)} and {A_n(s, f)}. As an input we use the above mentioned explicit solutions to the RG equation. In Sec. 2 we derive order by order general equations for both sets of the APT functions. In Sec. 3 we present exact two-loop results. The Minkowskian functions are constructed, in the closed form, in terms of the Lambert-W function. The corresponding spacelike functions, A_n(Q^2, f), are reconstructed through the spectral representation, or equivalently using inverse transformation (5). In Sec. 4 the APT functions are calculated to the three loop level. The Pade approximation improved three-loop coupling is used. General method for constructing the APT sets, beyond two-loop level, is discussed in Sec. 5. In Sec. 6 we construct global universal functions, A_n(Q^2) and A_n(s), (both introduced in [7]). For crossing the quark flavor thresholds, we use the continuous matching conditions for the MS scheme coupling α_s(Q^2, f). Sec. 7 contains the numerical results. Some technical details are given in the Appendix. The conclusions are given in Sec. 8.

2 General results

Let us settle conventions and notations. The running coupling of QCD satisfies the RG equation

Q^2 ∂α_s(Q^2, f) ∂Q^2 = β^f (α_s(Q^2, f)) = − ∞∑ n=0 β^f_n α^{n+2}_s (Q^2, f), (6)

with the normalization condition α_s(μ^2, f) = g^2/(4π), where μ is the renormalization point. In the class of schemes where the beta-function is mass independent β^f_0 and β^f_1 are universal

β^f_0 = 1 4π ( 11 − 2 3 f ) , β^f_1 = 1 (4π)^2 ( 102 − 38 3 f ) , (7)

the result for β^f_2 in the modified MS (MS) scheme is [19]

β^f_2 = 1 (4π)^3 ( 2857 2 − 5033f 18 + 325f^2 54 ) . (8)

The Euclidean functions are defined through the spectral representation

A_n(Q^2, f) = 1 π ∫_∞ 0 ρ_n(σ, f) σ + Q^2 dσ = 1 π ∫_∞ −∞ e^t (e^t + Q^2/Λ^2) ρ̃_n(t, f)dt, (9) where the spectral function ρ_n(σ, f) = ℑ{α_s(−σ − ı0)}^n, Λ is the QCD scale parameter, and ρ_n(σ, f) ≡ ρ̃_n(t, f) with t = ln(σ/Λ^2). The timelike set of functions {A_n(s, f)} is defined by elegant formula A_n(s, f) = 1 π ∫_∞ s dσ σ ρ_n(σ, f), (10) obtained in work [20].

In numerical calculations singular integral (9) should be regulated. With the help of (10), integral (9) can be represented as

A_n(Q^2, f) = A_n(Q^2, f, T ) + A_n(Λ^2e^T , f) + O(e^{−T} ), (11)

where A_n(Q^2, f, T ) denotes the integral (9) taken over the finite interval −T ≤ t ≤ T . For sufficiently large values of T (when exp(−T )(Q^2/Λ^2) ≪ 1), the contributions of order e^{−T} can be neglected. So that the second term, A_n(Λ^2e^T , f), compensates the main truncation effects in the integral. Formula (11) enables us to achieve a good numerical precision even for moderate values of the cutoff T .

In what follows, we shall derive the equations for the functions A_n(Q^2, f), A_n(s, f) and ρ_n(σ, f). In the k-loop order, the results have the form

∂A^{(k)}n (Q^2, f) ∂ ln Q^2 = −n k−1∑ N =0

β^f_N A^{(k)}_{n+N +1}(Q^2, f), n = 1.2 . . . , (12)

∂A^{(k)}n (s, f) ∂ ln s = −n k−1∑ N =0

β^f_N A^{(k)}_{n+N +1}(s, f), n = 1, 2 . . . . (13)

∂ρ^{(k)}_n (σ, f) ∂ ln σ = −n k−1∑ N =0

β^f_N ρ^{(k)}_{n+N +1}(σ, f), n = 1, 2 . . . . (14)

The similar one-loop order equations were obtained in paper [7]. We start from the RG equation, in the k-loop level, presented as

∂α^n_s (Q^2, f) ∂ ln Q^2 = −n k−1∑ N =0

β^f_N α^{n+N +1} s (Q^2, f) (15)

where, n ≥ 1, is some integer. The APT variant of Eq. (15) reads { ∂α^n_s (Q^2, f) ∂ ln Q^2 } an = −n k−1∑ N =0

β^f_N A_{n+N +1}(Q^2, f), (16)

on the other hand, we can write { ∂α^n_s (Q^2, f)

∂ ln Q^2 } an = 1 π ∫_∞ 0 dσ σ + Q^2 ℑ ∂α^n_s (−σ − ı0, f) ∂ ln(−σ − ı0) . (17)

From the identity, ln(−σ − ı0) = ln σ − ıπ, it follows that ℑ ∂α^n_s (−σ − ı0, f) ∂ ln(−σ − ı0) = ∂ℑα^n_s (−σ − ı0, f) ∂ ln σ = ∂ρ_n(σ, f) ∂ ln σ , (18)

so that { ∂α^n_s (Q^2, f) ∂ ln Q^2 } an = 1 π ∫_∞ 0 dσ σ + Q^2 ∂ρ_n(σ, f) ∂ ln σ , (19)

integrating by parts (19) and using the asymptotic vanishing of ρ_n(σ, f) (the asymptotic freedom) σ σ + Q^2 ρ_n(σ, f)|^∞_0 = 0, (20)

we get { ∂α^n_s (Q^2, f) ∂ ln Q^2 } an = 1 π ∂ ∂ ln Q^2 ∫_∞ 0 dσ σ + Q^2 ρ_n(σ, f) = ∂A_n(Q^2, f) ∂ ln Q^2

, (21)

from this and (16) follows system of equations (12). From (10), we see that system (14) is a consequence of system (13). Let us multiply Eq. (14) by the factor (σ + Q^2)^{−1} and take the integral over the region 0 < σ < ∞. Integrating by parts and taking into account condition (20), we recover the system (12). Note that for n = 1 Eqs. (12) and (13) are analogous to the basic Eq. (6) with α^n_s replaced by A_n and A_n respectively. We remark, that Eqs. (12)-(14) are derived on general grounds using the RG equation (6) and the spectral representation together with the asymptotic freedom condition (20).

3 Exact two-loop results

For convenience, in what follows we shall omit index f in the coefficients β^f_n . The exact two-loop solution to Eq. (6) is given by [14, 15]

α^{(2)}_s (Q^2, f) = − β_0 β_1 1 1 + W_{−1}(ζ) , ζ = − 1 eb_1 ( Q^2 Λ^2

)_− 1_{b1}

; (22) here b_1 = β_1/β^2_0 , Λ ≡ Λ_{M S} and W (ζ) is the Lambert W function [21], the multivalued inverse of ζ = W (ζ) exp W (ζ).

The branches of W are denoted W_k(ζ), k = 0, ±1, . . . .

By performing analytical continuation of function (22) and its powers in the complex Q^2- plane^d, we determine the corresponding spectral functions ρ^{(2)}_n (σ, f) ≡ ρ̃^{(2)}_n (t, f), n = 1, 2 . . .. For 0 ≤ f ≤ 6^e, the result is

ρ̃^{(2)}_n (t, f) = ( β_0 β_1 )_n ℑ ( − 1 1 + W_1(z(t)) )_n , (23)

with z(t) = 1 b_1e exp(−t/b_1 + ı(1/b_1 − 1)π). (24)

After insertion of (23) into (11) and (10) we construct explicitly the two-loop functions A^{(2)}n (Q^2, f) and A^{(2)}n (s, f). The integrals for the Minkowskian functions can be performed^f. We obtain

A^{(2)}_1 (s, f) = − β_0 β_1 − 1 πβ_1 ℑ ( 1 α^{(2)}s (−s) ) (25)

A^{(2)}_2 (s, f) = 1 πβ_1 ℑ ln ( 1 + β_1 β_0 α^{(2)}_s (−s) ) , (26)

A^{(2)}_3 (s, f) = − β_0 β_1 1 πβ_1 ℑ { ln ( 1 + β_1 β_0 α^{(2)}(−s) ) − β_1 β_0 α^{(2)}(−s) } . (27)

A^{(2)}_4 (s, f) = ( − β_0 β_1

)_2 1 πβ_1 ℑ { ln ( 1 + β_1 β_0 α^{(2)}(−s) ) − β_1 β_0 α^{(2)}(−s) + β^2_1 2β^2_0 α^{(2)2}(−s) } , etc.(28) where, for convenience, we introduced the notation

α^{(2)}(−s) = α^{(2)}_s (−s − ı0, f) = − β_0 β_1 1 1 + W_1(z_s)

, (29)

with z_s =^1_{b1} (s/Λ^2)^{−1/b1} e^{ıπ(1/b1−1)−1}. Note that, the functions A_n(s, f) are determined through (n − 2)-th order residual terms of the Taylor expansion of ln(1 +^{β1}_{β0} α^{(2)}(−s)) in powers of

β_1 β_0 α

(2)(−s).

Using the asymptotic properties of the W-function [21], in the limit s → 0, we recover the result of work [20]

A^{(2)}_1 (s, f) →^1_{β0} , and A^{(2)}n (s, f) → 0 for n > 1. (30)

Note that, the “analyticized” nonpower perturbative expansions for the timelike observables, may be rewritten as power series in traditional coupling α_s(s), but with modified by π^2-factors

dFor details of analytical continuation we recommend papers [14], [15] and [16]. eFor f > 6 formula (23) should be changed, see [15, 16].

fThe one-loop expressions for the Minkowskian functions were derived in Refs. [7, 22].

coefficients. Let us consider the two loop case. The function (25) has the following formal power expansion

A^{(2)}_1 (s, f) = α^{(2)}_s (s, f)− 1 3 π^2β^2_0 α^{(2)3}_s (s, f)− 5 6 π^2β_0β_1α^{(2)4}_s (s, f)+π^2(− 1 2 β^2_1 + 1 5 π^2β^2_0 )α^{(2)5}_s (s, f)+. . . , (31) where α^{(2)}s (s, f) is the exact two loop coupling (22). Higher order functions A_n (n = 1, 2 . . .) have similar power series expansions. Substituting these expansions into (3) we find the expansion for R(s) in powers of α_s with modified by π^2-factors coefficients. Previously, in the timelike region, similar expansions in powers of the iterative solution to RG equation, were obtained in [8, 9]. Application of the series can be found in papers [23, 24, 25]. The “π^2-effects” for various timelike quantities have been estimated in paper [25], in particular, it was found that the π^2-factors give dominating contributions to the coefficients of R_e+_e− (s) = σ_{tot}(e^+e^− → hadrons)/σ(e^+e^− → μ^+μ^−). On the other hand, in recent papers [26, 27] various timelike events were analyzed in the f=5 region. Higher-order “π^2-effects” have been taken into account properly. It was found that the extracted values for α_s(M^2_z ) are influenced significantly by these effects.

4 The three-loop case with Padé approximation

Padé improved perturbative series attracted much interest recently. They, as opposed to truncated perturbative series, exhibit reduced renormalization scale and scheme dependence [28]. Padé related resummation method which achieves elimination of the unphysical dependence from observables was proposed in recent works [29].

The solution to RG Eq. (6), at the three-loop order, with Padé transformed beta-function

β_{P adé} = −β_0α^2_s ( 1 + β_1α_s β_0 −^{β0β2}_{β1} α_s ) , has the form [15]

α^{(3)}_{P adé}(Q^2, f) = − β_0 β_1 1 1 − β_0β_2/β_1^2 + W_{−1}(ξ)

: ξ = − 1 eb_1 exp ( β_0β_2 β_1^2 ) ( Q^2 Λ^2

)_− 1_{b1} . (32)

Starting from (32), one can construct A^{(3)}_{P adé,n}(Q^2, f), just like in the two-loop case. For 0 ≤ f ≤ 6, the spectral function, ρ_{P adé,n}(σ, f) ≡ ρ̃_{P adé,n}(t, f) = ℑ{α^{(3)n}_{P adé}(−σ − ı0)}, is defined as ρ̃^{(3)}_{P adé,n}(t, f) = ( β_0 β_1 )_n ℑ ( − 1 1 − β_2β_0/β^2_1 + W_1(Z(t)) )_n , (33)

with Z(t) = 1 b_1e exp(β_0β_2/β^2_1 − t/b_1 + ı(1/b_1 − 1)π). (34)

Integral (10), with the spectral function (33), can be done. Thus we obtain

A^{(3)}_{P adé,1}(s, f) = − 1 πβ_0 ( 1 η ℑ ln(W_1(Z_s)) + (1 − 1 η )ℑ ln(η + W_1(Z_s)) − π ) , (35)

A^{(3)}_{P adé,2}(s, f) = 1 πβ_1 ( 1 η^2

ℑ ln ( W_1(Z_s) η + W_1(Z_s) ) − (1 − 1 η )ℑ ( 1 η + W_1(Z_s) )) , (36)

where η = 1 − β_0β_2/β^2_1 and

Z_s = 1 b (s/Λ^2)^{−1/b1} exp(−η + ı(1/b_1 − 1)π).

For n > 2, the following recurrence formula is valid A^{(3)}_{P adé,n}(s, f) = − β_0 ηβ_1 A^{(3)}_{P adé,n−1}(s, f)+ p_n η(n − 2) ℑ(η+W_1(Z_s))^{2−n}+ p_n n − 1 ( 1 η − 1 ) ℑ(η+W_1(Z_s))^{1−n}, (37) where p_n is given in (55). Putting together (36) and (37) we get A^{(3)}_{P adé,n}(s, f) = p_n η^{n−2} ℑ { 1 η^2 ( ln ( 1 − η η + W_1(Z_s) ) + n−2∑ N =1 ( η η + W_1(Z_s) )_N 1 N ) + η^{n−3}(1 − η) (n − 1)(η + W_1(Z_s))^{n−1} } n > 2. (38)

5 Multi-loop case

As follows from the paper [17] one can obtain the expressions for multi-loop functions in terms of the two loop functions. In particular, the coupling of higher orders can be represented as

α^{(k)}_s = ∞∑ n=1 c^{(k)}_n α^{(2)n}_s , (39)

with c^{(k)}_1 = 1. The analyticized (Euclidean and Minkowskian) versions of (39) read

A^{(k)}_1 = ∞∑ n=1 c^{(k)}_n A^{(2)}_n , (40)

A^{(k)}_1 = ∞∑ n=1 c^{(k)}_n A^{(2)}_n . (41)

So the two-loop functions can be considered as the minimal basis of any orders perturbative expansions [17]. Any observable O (except the quantity possessing an anomalous dimension) can be represented as the series

O^{(k)} = ∞∑ n=1 O^{(k)}_n A^{(2)}_n . (42)

We would like also to emphasize that the one-loop coupling function could not be used for a similar expansion: the case is that multi-loop coupling functions have more complicated singularities^g. However the exact two-loop coupling (expressed through the Lambert W-function)

gFor example, the two-loop solution contains double logarithms ln ln x that evidently can’t be expanded in powers of 1/ ln x.

can be used to reflect correctly the higher orders contributions. Note that some similar results was obtained in work [18].

By using the limiting conditions (30) in the representation (41), we derive immediately universal infrared limit [1, 2] for the Minkowskian coupling to any finite order

A^{(k)}_1 (s, f) → 1 β_0

, s → 0. (43)

Formula (43) has been obtained in work [20] in a different way. Evidently, the same limit has the Euclidean coupling A^{(k)}_1 (Q^2, f) at Q^2 → 0 (the remarkable result of works [1, 2]). So we can express any observable in any loop order in terms of the Lambert-W function. The expressions obtained will have correct analytic properties and finite infrared limit.

6 The quark thresholds

In MS-like renormalization schemes important item is how to introduce the matching conditions at the heavy quarks thresholds for the strong coupling constant . For pedagogical introduction to this subject we recommend paper [30] (see also Ref. [31]). In the context of APT, this problem was studied in works [7, 26, 27]. The matching conditions and analyticity have been combined there via the special model spectral function

ρ_n(σ) = ρ^{f =3}_n (σ, Λ_3) + ∑ f ≥4 Θ(σ − M^2_f )(ρ^f_n(σ, Λ_f ) − ρ^{f −1}_n (σ, Λ_{f −1})), (44)

where the mass M_f corresponds to the quark with flavor f and the values for Λ_f are determined through the continuity conditions

α_s(M^2_f , f) = α_s(M^2_f , f − 1) f = 4, 5, 6. (45)

To be more exact, in the MS-like renormalization schemes (beyond the one loop level) conditions (45) should be modified [30]. With the modified conditions the final results are not sensitive to the exact scale one uses to connect the couplings. Nevertheless, in this work we assume simple formula (45) up to third order: the case is that in APT this simplification does not introduce numerically significant errors. Note that with the explicit solutions (22) and (32), the equation (45) for Λ_f can be solved analytically. For instance, inserting the three-loop solution (32) in (45) we solve Λ_f = M_f {−b_f F (z_{f −1}) exp(η_f + F (z_{f −1}))}^{bf /2} (46)

where b_f = β^f_1 /(β^f_0 )^2, η_f = 1 − β^f_0 β^f_2 /(β^f_1 )^2,

z_{f −1} = − exp(−η_{f −1}) b_{f −1} ( Λ_{f −1} M_f )_{2/bf −1} , (47)

F (z_{f −1}) = (η_{f −1} + W_{−1}(z_{f −1})) β^{f −1}_1 β^{f −1}_0 β^f_0 β^f_1

− η_f . (48)

Using (44) with (46) we construct global quantities A_n(Q^2) and A_n(s) relevant in the whole ranges of Q^2 and s respectively.

7 Numerical results

The numerical calculations are performed by using the computer algebra system Maple V release 5; Maple has an arbitrary precision implementation of all branches of the Lambert-W function.

In Table 1, various 3-loop approximants are compared with exact three-loop coupling, α^{(3)}num, the numerical solution of the transcendental equation ln Q^2 Λ^2 = 1 β_0α_s − b_1 2 ln ( 1 β^2_0 α^2_s + b_1 β_0α_s

+ b_2 ) + 2b_2 − b^2_1 √ Δ ( arctan b_1 + 2b_2β_0α_s √ Δ − arctan b_1 √ Δ ) , (49) where b_k = β_k/β^{k+1}_0 (k = 1, 2) and Δ = 4b_2 − b^2_1. By α^{(3)}_{it} we denote the commonly used three loop order iterative approximant [31]

α^{(3)}_{it} (Q^2) = 1 β_0L − β_1 β^3_0 ln L L^2 + 1 β^3_0 L^3 ( β^2_1 β^2_0

(ln^2 L − ln L − 1) + β_2 β_0 ) , (50)

where L = ln Q^2/Λ^2_{MS} . Usually, the same formula (50) is used in the timelike region. α_{ts} denotes the truncated series (39)

α^{(3)}_{ts} = 5∑ i=1 c^{(3)}_i α^{(2)i}_s , (51)

in this case c^{(3)}_1 = 1, c^{(3)}_2 = 0, c^{(3)}_3 =^{β2}_{β0} , c^{(3)}_4 = 0 and c^{(3)}_5 =^5_3 β^2_2 /β^2_0 . From the Table 1, we see that, α^{(3)}_{ts} allows us to achieve more good agreement with the exact answer than the Padé and iterative approximants. α^{(3)}_{ts} is accurate, for Q ≥ 900 MeV (in these region it practically coincides with the exact answer) while the Padé approximant worsens below Q = 1600MeV and iterative approximant allows us to achieve 1% accuracy only for Q ≥ 2300 MeV . We have taken Λ_3 = 400 MeV , and the values of Λ_f (f = 4, 5, 6) are determined by imposing conditions (45) on the exact numerical solution (49). For the quarks masses throughout this paper we assume the values M_1 = M_2 = M_3 = 0, M_4 = 1.3 GeV , M_5 = 4.3 GeV and M_6 = 170 GeV .

In Table 2 the results for the Minkowskian expansion functions are given in the three quark region (0.4 GeV< √ s <2.6 GeV). The functions A^{(3)}_{P ade,n}(s, f), A^{(2)}n (s, f) and A^{(3)}_{ts,n}(s, f) are compared for n = 1, 2 and f = 3. We take the common value, Λ_{f =3} = 400 MeV. The differences between A^{(3)}_{ts,1} and A^{(2)}_1 are less than 2.19%, while the differences between A^{(3)}_{ts,1} and A^{(3)}_{P adé,1} are smaller than 0.12%. For the second functions (n = 2), these differences are of the same order: |δA^{(2)}_2 (%)| < 2.6 and |δA^{(3)}_{P ade,2}(%)| < 0.3.

Table 3 summarizes the results for Euclidean expansion functions, A^{(k)}n (Q^2, f), in the two loop and three-loop orders, for n = 1, 2 and f = 3. The three quark region is chosen (0.4 GeV < Q < 2 GeV) and we take Λ_{f =3} = 400 MeV. The numerical calculations have been performed using formula (11) (high precision was achieved already for T = 1000). In the three loop case, two approximants, A^{(3)}_{ts,n} and A^{(3)}_{P adé,n}, are compared. There is good agreement between these approximants ( 0.07% end better for n=1, and 0.14% and better for n = 2). The differences between A^{(3)}_{ts,n} and A^{(2)}n (n = 1, 2) are larger, up to 1.72% for n = 1 and up to 1.4% for n = 2.

The asymmetry [32], δ_{as}(%) = (A^{(3)}_{tr,1}(Q^2, f) − A^{(3)}_{tr,1}(Q^2, f))/A^{(3)}_{tr,1}(Q^2, f) ∗ 100, was found to be appreciable (compare Tables 2 and 3): it increases from 2% at Q = √ s = 0.4 GeV to 7.5% at Q = √ s = 2.0 GeV .

On the other hand, for global expansion functions A_n(Q^2) and A_n(s) (that are constructed according the model (44)) all the above mentioned differences are slightly enhanced. In Table 5, the results obtained with Minkowskian global approximant, A^{(3)}_{ts,1}(s), are given. For comparison we include the differences, d^{(2)}(%) = (A^{(3)}_{ts,1}(s) − A^{(2)}_1 (s))/A^{(3)}_{ts,1}(s) ∗ 100 and d^{(3)}(%) = (A^{(3)}_{ts,1}(s) − A^{(3)}_{P adé,1}(s))/A^{(3)}_{ts,1}(s) ∗ 100. As an input we take Λ_{f =3} = 400 MeV. The values of Λ_f (f = 4, 5, 6) for various approximants (determined through (45)) are given in Table 4. The maximal differences are observed at √ s ≈ 1.3 GeV : d^{(2)}(%) = 3.21 and d^{(3)}(%) = −0.63 respectively.

The analogical results for the global Euclidean coupling A_1(Q^2) are given in Table 6. In this case D^{(2)}(%) < 2.64 and |D^{(3)}(%)| < 0.5 for 0.4 GeV < Q < 100 GeV.

8 Conclusions

In this paper we have constructed analytically two sets of the specific functions, {A_n} and {A_n}, that determine the APT expansions for the spacelike and timelike observables respectively. The results, up to third order, are written in terms of the Lambert W-function. For the both sets of the functions, we have derived order by order the infinite sets of differential equations. These equations follow from the RG equation, spectral representation and asymptotic freedom. With the help of the equations, at the two-loop level, compact expressions for the Minkowskian functions A_n(s, f) (see Eqs.(25)-(28)) are obtained. For the Euclidean functions, A_n(Q^2, f), the regulated expressions (11) guaranteeing high precision in numerical calculations are presented. We have shown the connection between APT series for the timelike observables and the corresponding power series with modified (by “π^2-factors”) coefficients (see Eq. (31)).

For Pade-improved 3-loop case, the Minkowskian set of functions {A_n(s, f)} is constructed (see (38)). In addition, to calculate the APT functions in the three-loop order, the general method of work [17] is used. The advantage of this method over the method of Padé approximation is demonstrated (see Table 1).

The matching conditions for the running coupling function α_s(Q^2, f) at the flavor thresholds to three loops in MS scheme are presented in analytic form (see (46)). Global functions A_n(Q^2) and A_n(s) with flavor thresholds are constructed.

We have examined numerically some of the APT functions to second and third orders (see Tables 1-6). The accuracy of various approximants to the spacelike and timelike APT functions is estimated.

Let us discuss the status of the obtained exact and approximate expressions for the functions A_n and A_n. The question may be raised as to whether they allow us to achieve advantage over the existing in the literature iterative formulas. In recent works [10, 11, 12], analytical continuation to the timelike region has been performed using the iterative solution (50) to the RG equation. However, it was estimated in ref. [39], that with the iterative solution, in the two loop case, the error in A^{(2)}_1 (Q^2, f) and A^{(2)}_1 (s, f) may be as large as 4%-5%. Furthermore, the iterative formulas are not convenient from the technical point of view too. Since, starting from iterative formulas, we have not found analogous of Eqs.(12)-(13) which greatly simplify numerical analysis. On the other hand, the precision of the experimental data (for R_e+_e− (s), R_τ , ets.) is continuously increasing. Therefore the authors hope that the more accurate theoretical formulas will be helpful for practical calculations in the APT framework. It should be remarked, that an alternative to our method was given in work [13], where the RG equation, to third order, has been solved numerically in the complex domain.

Other possible applications of the obtained formulas are in the context of different (not

APT) approaches to Landau pole problem [33, 34, 35] and more general (non-perturbative) frameworks developed in works [36, 37, 38].

Acknowledgments The authors would like to thank D.V. Shirkov for numerous valuable discussions. We are grateful to A.L. Kataev, A.A. Pivovarov, A.V. Sidorov, I.L. Solovtsov, O.P. Solovtsova for critical comments and stimulating discussions.

9 Appendix

In this appendix we calculate analytically A_n(s, f) to second order. Let us define the auxiliary functions R_n(s, f) = 1 π ∫_∞ ln s̄ dtã^n(t, f). (52) where s̄ = s/Λ^2 and ℑã^n(t, f) = ρ̃_n(t, f) ≡ ρ_n(σ, f) with σ = exp(t). Then A_n(s, f) = ℑR_n(s, f). The expressions for ã, can be read from (23). In the two loop case

ã^{(2)}(t, f) = − β_0 β_1 1 1 + W_1(z(t))

. (53)

With (53) integral (52) can be rewritten as a contour integral in the complex z-plane

R^{(2)}_n (s, f) = p_n ∫_{zs} z_ϵ dz z 1 (1 + W_1(z))^n

, (54)

where, we denote

p_n = 1 πβ_1 ( − β_0 β_1 )_{n−2} , z_s = z(ln s), z_ϵ = ϵe^{ı( 1b1 −1)}, (55)

and the limit ϵ → 0 is assumed. Let us change the integration variable in (54), ω = W (z), we then get

R^{(2)}_n (s, f) = p_n ∫_{W1(zs)} W_1 (z_ϵ)

1 + ω ω(1 + ω)^n dω. (56) For n > 2, from (56) we obtain the equation

A^{(2)}_n (s, f) = − β_0 β_1

A^{(2)}_{n−1}(s, f) + p_n (n − 2)

ℑ(1 + W_1(z_s))^{2−n}, n = 3, 4 . . . , (57)

the two-loop version of the equation (13). It is sufficient, to calculate A^{(2)}_1 and A^{(2)}_2 . Indeed, higher functions can be determined using recurrence formula (57). Note that R^{(2)}_1 (s, f) is divergent in the limit ϵ → 0, (see (54) ). Nevertheless, it has finite imaginary part^h. By direct calculation we obtain formulas (25) and (26), formulas (27) and (28) follow from formula (26).

hFor the asymptotic behaviour of the W function see paper [21].

References

[1] D.V. Shirkov and I.L. Solovtsov, JINR Rapid comm. 2[76]-96 5 (1996). [2] D.V. Shirkov and I.L. Solovtsov, Phys. Rev. Lett. 79, (1997) 1209; hep-ph/9704333. [3] I.L. Solovtsov and D.V. Shirkov, Theor. Math. Phys., 120, (1999) 1220; hep-ph/9909305. [4] K.A. Milton, I.L. Solovtsov, O.P Solovtsova, Phys. Lett. B415 (1997) 104; hep-ph/9706409. [5] D.V. Shirkov, Theor. Math. Phys., 119, (1999) 438; hep-th /9810246; Lett. Math. Phys.48, (1999) 135.

[6] I.L. Solovtsov and D.V. Shirkov, Phys. Lett. B442 (1998).

[7] D.V. Shirkov ”Toward the correlated analysis of perturbative QCD observables”, JINR preprint E2-2000-46; hep-ph/0003242. JINR preprint E2-2000-211; hep-ph/0009106.

[8] A.V. Radyushkin, JINR preprint E2-82-159 (1982); JINR Rapid Commun. 4-78 (1996) 96;

hep-ph/9907228.

[9] N.V. Krasnikov and A.A. Pivovarov, Phys. Lett. B116 (1982) 168. [10] A.P. Bakulev, A.V. Radyushkin and N.G. Stefanis, Phys. Rev. D62 (2000) 113001. [11] K.A. Milton, I.L. Solovtsov, O.P Solovtsova, “ The adler function for light quarks in analytic perturbation theory”, hep-ph/0102254.

[12] B.V. Geshkenbein and B.L. Ioffe, JETP Lett 70 (1999) 161.

[13] K.A. Milton, I.L. Solovtsov, O.P Solovtsova and V.I. Yasnov, Eur. Phys. J. C14 (2000) 495-501; hep-ph/0003030.

[14] B. Magradze, “ The Gluon Propagator in Analytic Perturbation Theory”, In the proceedings of the 10th International Seminar “QUARKs-98” Suzdal, Russia, May 17-24, 1998. Editors F.L. Bezrukov, V.A. Matveev, V.A. Rubakov, A.N. Tavkhelidze and S.V. Troitsky. Moscow 1999; hep-ph/9808247;

[15] E. Gardi, G. Grunberg and M. Karliner, JHEP 07 (1998) 007. [16] B.A. Magradze, Int. J. of Mod. Phys. A15, 2715-2733 (2000); hep-ph/9911456. [17] D.S. Kourashev, ”The QCD observables expansion over the scheme-independent two-loop coupling constant powers, the scheme dependence reduction” hep-ph/9912410.

[18] C.J. Maxwell, A. Marjalili, Nucl. Phys. B577 (2000) 209-220. [19] O.V. Tarasov, A.A. Vladimirov, A.Yu. Zharkov. Phys. Lett.B 93 (1980) 429. [20] K.A. Milton and I.L. Solovtsov, Phys. Rev. D55 (1997) 5295.

[21] R.M. Corless, G.H. Gonnet, D.E.G. Hare, D.J. Jeffrey and D.E. Knuth, “On the Lambert W Function”. Advances in Computation Mathematics, V5, 329 (1996).

[22] K.A. Milton and O.P. Solovtsova, Phys. Rev. D57 (1998) 5402.

[23] J.D. Bjorken, “Two topics in QCD”, Preprint SLAC-PUB-5103 (Dec 1989); in Proc.

Cargese Summer Institute, eds. M. Levy et al., Nato Adv. Inst., serie B, vol.223, Plenum, N.Y., 1990.

[24] A.A. Pivovarov, Nuov. Cim. A105 (1992) 813; Z. Phys. C53 (1992) 461. [25] A.L. Kataev and V.V. Starshenko, Mod. Phys. Lett. A10 (1995) 235; hep-ph/9502348. [26] D.V. Shirkov, “The π^2 terms in the s-channel QCD observables” JINR preprint E2-2000- 211; hep-ph/0009106.

[27] D.V. Shirkov , “Analytic Perturbation Theory for QCD observables” JINR preprint E2- 2000-298; hep-ph/0012283.

[28] E. Gardi, Phys. Rev. D56 (1997) 68; S.J. Brodsky, J.Ellis, E. Gardi, M. Karliner, M.A.

Samuel, Phys. Rev. D56 (1997) 6980-6992.

[29] G. Cvetic̆, Phys. Lett. B486 (2000) 100. G. Cvetic̆ and R. Kögerler, Phys. Rev. D63 (2001) 056013.

[30] G. Rodrigo, A. Santamaria, Phys. lett. B313 (1993) 441; [31] S. Bethke, J. Phys. G26 (2000) R27; hep-ex/0004021. [32] K.A. Milton and I.L. Solovtsov, Phys. Rev. D59 (1999) 107701.

[33] A.N. Krasnikov and A.A. Pivovarov, Mod. Phys. Lett. A11, 835 (1996); A.N. Krasnikov and A.A. Pivovarov, “Running coupling at small momenta, renormalization schemes and renormalons”, hep-ph/9510207; A.A. Pivovarov, Nucl. Phys. Proc. Suppl. 64, 339 (1998), hep-ph/9708461.

[34] I. Caprini and M. Naubert, J. High Energy Phys. 9903, 007 (1999). [35] A.V. Nesterenko, Phys. Rev. D62 (2000) 094028.

[36] A.I. Alekseev and B. A. Arbuzov, Yad. Fiz. V61, 314 (1998); Mod. Phys. Lett. A13, 1747 (1998); A.I. Alekseev, hep-ph/0011178.

[37] Yu. Dokshitzer, G. Marchesini, B.R. Webber, Nucl. Phys. B469, 93 (1996); Yu. Dokshitzer, V.A. Khoze and S.I. Troyan, Phys. Rev. D53 89 (1996).

[38] G. Grunberg, Phys. Rev. D46, 2228 (1992); Phys. Lett. B349, 469 (1995); JHEP 9811 (1998) 006; JHEP 9903 (1999) 024;

[39] B. Magradze, unpublished.

Table 1: The various approximations to the three loop coupling versus exact numerical solution α^{(3)}num of the RG equation. We include the relative errors δα^{(3)}_{ts} (%) = (α^{(3)}num − α^{(3)}_{ts} )/α^{(3)}num ∗ 100, δα^{(3)}_{P ade}(%) = (α^{(3)}num − α^{(3)}_{P ade})/α^{(3)}num ∗ 100 and δα^{(3)}_{it} (%) = (α^{(3)}num − α^{(3)}_{it} )/α^{(3)}num ∗ 100.

Q GeV α^{(3)}num(Q^2, f) δα^{(3)}_{ts} (%) δα^{(3)}_{P ade}(%) δα^{(3)}_{it} (%) f = 3 Λ_3 = 400 MeV .8 .764911 1.90 -18.88 -15.5 .9 .633231 .82 -7.42 -9.3 1.0 .554140 .43 -4.40 -6.1 1.1 .500275 .26 -3.04 -4.3 1.2 .460747 .17 -2.28 -3.3 1.3 .430253 .12 -1.81 -2.6 1.4 .405868 .09 -1.49 -2.2 1.5 .385829 .06 -1.26 -1.9 1.6 .369009 .05 -1.09 -1.6 1.7 .354645 .04 -.96 -1.5 1.8 .342204 .03 -.85 -1.3 1.9 .331300 .03 -.77 -1.2 2.0 .321646 .02 -.70 -1.1 2.2 .305269 .02 -.59 -1.0 2.4 .291842 .01 -.51 -.9 2.6 . .280585 . .01 . -.45 -.9 f = 4 Λ_4 = 354.407 MeV 2 .330496 .009 -.40 -.39 4 .244183 .002 -.15 -.29 6 212689 .001 -.10 -.26 8 195076 .0004 -.08 -.24 10 183390 .0003 -.06 -.23 f = 5 Λ_5 = 259.602 MeV 10 .187687 .00003 -.02 -.01 20 .160349 .00001 -.01 -.04 30 .147853 .00001 -.01 -.04

Table 2: Comparison of the Minkowskian functions A^{(2)}n (s, f), A^{(3)}_{P ade,n}(s, f) and A^{(3)}_{ts,n}(s, f). We denote δA^{(2)}n (%) = (A^{(3)}_{ts,n} − A^{(2)}n )/A^{(3)}_{ts,n} ∗ 100 and δA^{(3)}_{P adé,n}(%) = (A^{(3)}_{ts,n} − A^{(3)}_{P adé,n})/A^{(3)}_{ts,n} ∗ 100. √ s GeV A^{(3)}_{ts,1}(s, 3) δA^{(2)}_1 (%) δA^{(3)}_{P adé,1}(%) A^{(3)}_{ts,2}(s, 3) δA^{(2)}_2 (%) δA^{(3)}_{P adé,2}(%) f = 3 Λ_3 = 400 MeV .4 .501609 1.27 .11 .130889 -1.99 .28 .5 .458689 1.65 .07 .122465 -1.03 .30 .6 .425397 1.90 .03 .114203 -.18 .29 .7 .398821 2.05 -.01 .106619 .51 .25 .8 .377110 2.14 -.04 .099846 1.04 .21 .9 .359032 2.18 -.06 .093863 1.45 .16 1.0 .343733 2.19 -.08 .088593 1.75 .12 1.2 .319204 2.16 -.10 .079832 2.16 .05 1.4 .300337 2.11 -.11 .072913 2.39 -.01 1.6 .285311 2.04 -.12 .067343 2.51 -.04 1.8 .273011 1.98 -.12 .062776 2.57 -.07 2.0 .262720 1.91 -.12 .058965 2.60 -.09 2.2 .253955 1.85 -.12 .055737 2.60 -.10 2.4 .246378 1.79 -.12 .052967 2.59 -.11 2.6 .239747 1.74 -.11 .050561 2.57 -.12

Table 3: Comparison of the Euclidean functions, A^{(k)}_n (Q^2, f), at the two-loop and three loop orders.

Q GeV A^{(2)}_1 (Q^2, 3) A^{(3)}_{P adé,1}(Q^2, 3) A^{(3)}_{ts,1}(Q^2, 3) A^{(2)}_2 (Q^2, 3) A^{(3)}_{P adé,2}(Q^2, 3) A^{(3)}_{ts,2}(Q^2, 3) .4 .507853 .511591 .511933 .118913 .117136 .117273 .6 .438444 .443587 .443761 .107177 .106285 .106436 .8 .393408 .399067 .399119 .097030 .096780 .096911 1.0 .361380 .367164 .367133 .088705 .088884 .088990 1.2 .337219 .342947 .342862 .081875 .082339 .082421 1.4 .318218 .323809 .323686 .076208 .076860 .076922 1.6 .302807 .308224 .308076 .071443 .072219 .072264 1.8 .290003 .295233 .295069 .067385 .068241 .068273 2.0 .279159 .284203 .284028 .063886 .064794 .064815 2.2 .269831 .274693 .274511 .060839 .061779 .061790 2.4 .261702 .266390 .266205 .058160 .059117 .059121 2.6 .254538 .259063 .258876 .055784 .056749 .056747

Table 4: The flavor dependence of the MS scheme scale Λ_f , as determined from the approximants α^{(2)}s , α^{(3)}num, α^{(3)}_{ts} and α^{(3)}_{P adé}.

f 3 4 5 6 Λ^{(2)}_f MeV 400 341.444 242.195 102.113 Λ^{(3)}_{num,f} MeV 400 354.407 259.602 112.194 Λ^{(3)}_{ts,f} MeV 400 354.034 259.288 112.043 Λ^{(3)}_{P ade,f} MeV 400 358.667 263.932 114.306

Table 5: Comparison of various approximants for global Minkowskian coupling A_1(s). d^{(2)}(%) and d^{(3)}(%) denote relative errors for A^{(2)}_1 (s) and A^{(3)}_{P adé,1}(s) respectively. √ s GeV A^{(3)}_{ts,1}(s) d^{(2)}(%) d^{(3)}(%) √ s GeV A^{(3)}_{ts,1}(s) d^{(2)}(%) d^{(3)}(%) .4 .520162 1.98 -.23 3 .245069 2.61 -.54 .5 .477242 2.41 -.30 4 .224780 2.42 -.51 .6 .443950 2.70 -.36 5 .211545 2.27 -.48 .7 .417373 2.90 -.42 6 .201948 2.17 -.46 .8 .395663 3.03 -.47 7 .194467 2.08 -.45 .9 .377585 3.11 -.51 8 .188409 2.01 -.43 1.0 .362286 3.16 -.55 9 .183363 1.95 -.42 1.1 .349158 3.19 -.58 10 .179068 1.90 -.40 1.2 .337757 3.21 -.60 20 .155103 1.63 -.36 1.3 .327751 3.21 -.63 25 .148685 1.55 -.34 1.4 .318641 3.17 -.62 30 .143821 1.50 -.33 1.6 .303211 3.08 -.61 50 .131743 1.36 -.30 1.8 .290593 2.99 -.60 70 .124838 1.28 -.28 2.0 .280039 2.91 -.59 90 .120137 1.23 -.27 2.4 .263277 2.77 -.57 100 .118270 1.20 -.27

Table 6: Comparison of various approximants to global Euclidean function A_1(Q^2). The relative errors D^{(2)}(%) and D^{(3)}(%) correspond to A^{(2)}_1 (Q^2) and A^{(3)}_{1,P ade}(Q^2) respectively.

Q GeV A^{(3)}_{ts,1}(Q^2) D^{(2)}(%) D^{(3)}(%) Q GeV A^{(3)}_{ts,1}(Q^2) D^{(2)}(%) D^{(3)}(%) .4 .530379 1.50 -.25 7 .205366 2.22 -.46 .6 .462088 1.97 -.32 8 .198339 2.15 -.45 .8 .417301 2.25 -.37 9 .192520 2.10 -.44 1 .385158 2.42 -.41 10 .187592 2.05 -.43 1.2 .360725 2.53 -.44 20 .160570 1.75 -.38 1.4 .341394 2.59 -.46 30 .148141 1.60 -.35 1.6 .325635 2.62 -.48 40 .140458 1.50 -.33 1.8 .312489 2.64 -.49 50 .135046 1.44 -.32 2 .301321 2.64 -.49 60 .130940 1.39 -.31 3 .263297 2.58 -.50 70 .127669 1.35 -.30 4 .240696 2.48 -.50 80 .124975 1.32 -.29 5 .225362 2.38 -.48 90 .122699 1.29 -.29 6 .214096 2.29 -.47 100 .120740 1.26 -.28