Published by Institute of Physics Publishing for SISSA/ISAS Received: December 19, 2003 Revised: February 12, 2004 Accepted: February 15, 2004

Nonforward anomalous dimensions of Wilson operators in N = 4 supersymmetric Yang-Mills theory

Andrei I. Onishchenko^∗

Department of Physics and Astronomy, Wayne State University Detroit, MI 48201, U.S.A., and Institute for Theoretical and Experimental Physics Moscow, Russia E-mail: onish@physics.wayne.edu

Vitaly N. Velizhanin^†

Theoretical Physics Department, Petersburg Nuclear Physics Institute Orlova Rosha, Gatchina, 188300, St. Petersburg, Russia E-mail: velizh@thd.pnpi.spb.ru

Abstract: We present the next-to-leading order results for universal non-forward anomalous dimensions of Wilson twist-2 operators in N = 4 supersymmetric Yang-Mills theory. The whole calculation was performed using supersymmetric Ward identities derived in this paper together with already known QCD results and does not involve any additional calculation of diagrams. We also considered one particular limit of our result, which could potentially be interesting in the context of AdS/CFT correspondence.

Keywords: Extended Supersymmetry, NLO Computations, Deep Inelastic Scattering.

∗The work was supported by the National Science Foundation under grant PHY-0244853 and by the US Department of Energy under grant DE-FG02-96ER41005.

†The work is supported by grants INTAS 00-00366 and RSGSS-1124.2003.2.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep022004036 /jhep022004036 .pdf

Contents

1. Introduction 1 1.1 Lagrangian of N = 4 SUSY YM 3 1.2 Conformal twist-2 operators in N = 4 SUSY YM 5

2. Supersymmetric Ward identity in N = 4 SUSY YM 6

3. Universal non-forward AD in N = 4 SUSY YM. 10

4. Conclusion 13

1. Introduction

Parton distributions in QCD satisfy the Balitsky-Fadin-Kuraev-Lipatov (BFKL) [1] and Dokshitzer-Gribov-Lipatov-Altarelli-Parizi (DGLAP) [2] equations. Up to day even nextto-leading corrections to these equations are known [3, 4]. Moreover, recently, similar results were also obtained for supersymmetric theories [5, 6, 7]. An idea to consider these equations in the case of supersymmetric theories is based on common expectations, that the presence of extra high symmetry may significantly simplify them as well as their analysis. For example, it was already known, that all quasi-partonic operators in N = 1 SYM form supermultiplet of operators [8], having the same single universal anomalous dimension with shifted argument, which at that time was computed in leading order (LO) of perturbation theory. Calculations in N = 4 SYM gave even more remarkable results - the eigenvalues of the integral kernels in the evolution equations for quasi-partonic operators are proportional to Ψ(j − 1) − Ψ(1) [9, 10], which means that these evolution equations in the multicolour limit are equivalent to the Schrödinger equation for the integrable Heisenberg spin model [9] similar to the one found in the Regge limit [11]. Moreover, it was shown, that in the maximally supersymmetric N = 4 Yang-Mills theory there is a deep relation between BFKL and DGLAP evolution equations [6]. In particular, the anomalous dimensions of Wilson twist-2 operators in N = 4 SYM could be found from the eigenvalues of the kernel of BFKL equation. The corresponding next-to-leading order (NLO) calculations showed, that many of these findings are valid also in higher orders of perturbation theory. Moreover, as in leading order they most fully realize in maximally supersymmetric N = 4 SYM.

However, some of the properties of these equations, valid at leading order, are violated at higher orders. For example, the conformal invariance of the theory in leading order allows us to construct multiplicatively renormalized quasi-partonic operators [8] up to this order in perturbation theory. But, in next-to-leading order in perturbation theory multiplicative renormalization of conformal operators is violated due to necessity in regularization of arising ultraviolet divergences, which is responsible for violation of conformal symmetry.

– 1 –

The Efremov-Radyushkin-Brodsky-Lepage (ER-BL) equation [12] may be viewed as some kind of the generalization of the DGLAP equation for the case of non-forward distribution functions. In this case in and out hadronic states in matrix elements of operators are different, what allows us to study scale properties of hadron wave functions. In the latter case the matrix elements of corresponding operators are considered between vacuum and hadronic state. In leading order the kernel of ER-BL evolution equation, after Mellin transformation was performed, is diagonal in basis of Gegenbauer polynomials [13, 14]. This is equivalent to the fact, that multiplicatively renormalized operators of ER-BL evolution kernel coincide in leading order with conformal operators constructed from Gegenbauer polynomials [15]. The direct calculation of next-to-leading order corrections to the evolution kernel of this equation turned out to be much more difficult problem compared to the forward case. It was first performed for the case of non-singlet quark operator in [16, 13], where in the last reference an advanced computation method was developed and some analysis of general properties of evolution kernel and corresponding anomalous dimension matrix was given. In this case as well as in the case of ϕ^3_{[6]} model a solution of ER-BL evolution equation was constructed at next-to-leading order of perturbation theory [17]. It was noticed, that at next-to-leading order conformal invariance is violated and anomalous dimension matrix develops non-diagonal part in the basis of conformal operators.

The source of conformal symmetry breaking was identified later in [18, 19]. It was found, that non-diagonal part of anomalous dimension matrix arises entirely due to the violation of special conformal symmetry. Moreover, a framework based on the analysis of broken conformal Ward identities was proposed, which allowed to obtain for the first time next-to-leading order corrections to the nonforward anomalous dimension matrix in singlet case both in QED [20] and in QCD [21]. The generalization of these results for the case of supersymmetric theories involves a number of relations between elements of anomalous dimensions matrix [22], some of which were already known from the analysis of forward limit (last paper in ref. [2, 8]). Later, the use of these supersymmetry relations, which could be also easily written for the corresponding evolution kernel matrix [8, 22], allowed to determine for the first time the QCD ER-BL evolution kernels in the singlet case both for odd [23] and even [24] parity distribution amplitudes (see also [25]).

In this paper we, using already known results from QCD, found closed analytical expression for universal non-forward anomalous dimension for maximally supersymmetric N = 4 Yang-Mills theory. Earlier, the authors of [6] used already known QCD results [4] to obtain expression for NLO universal forward anomalous dimension of Wilson twist-2 operators in N = 4 SYM, which were later confirmed by direct calculations in ref. [7]. A problem, we are solving here, may be formulated as follows: how knowing QCD results one may obtain analogous results in supersymmetric theory with minimum efforts.

It turns out, that owing to remarkable properties of N = 4 SYM it is possible to derive an expression for universal non-forward anomalous dimension without any additional calculation beyond those already done for QCD.

– 2 –

Our result could be also interesting in the context of AdS/CFT correspondence [26]. Namely, there are some calculations of the anomalous dimensions of such operators in the limit of large j (Lorentz spin) from both sides of the AdS/CFT correspondence [27]–[30], [7, 31]. There are, also some predictions for anomalous dimensions of other types of operators corresponding to multi-spin solutions in AdS_5 × S_5 space from string theory side [32],^1 partially confirmed by field theory calculations.

It should be noted, that up to this moment only diagonal part of anomalous dimension matrix have been studied in the context of AdS/CFT correspondence and it would be interesting to compare the results for its non-diagonal part with the appropriate result from string theory.

The present paper is organized as follows. First in next two subsections we define the lagrangian of N = 4 SYM and introduce singlet conformal operators present in this theory. Next, in section 2 we derive supersymmetric Ward identities and resulting constrains on anomalous dimensions of our conformal operators. Then, in section 3 we proceed with the determination of universal non-forward anomalous dimension for Wilson twist-2 operators in N = 4 SYM. And, finally, section 4 contains our conclusion.

1.1 Lagrangian of N = 4 SUSY YM

Different supersymmetric Yang-Mills theories in four dimension can be constructed from higher dimensional N = 1 supersymmetric Yang-Mills theory through dimensional reduction [33]. To obtain the lagrangian of N = 4 SYM in 4-dimensions we start with N = 1 SYM in 10-dimensions L = − 1 4 G^a_{μν} G^{a μν} + i 2 λ̄^aΓ_μD^μλ^a . (1.1)

Here Γ_μ are 10-dimensional Dirac gamma-matrices, G^a_{μν} is gauge field strength, D^μ is covariant derivative and λ^a is Majorana-Weyl spinor. The supersymmetry transformations are

δ^QA^a_μ = i ξ̄Γ_μλ^a , δ^Qλ^a = Σ_{μν} G^{a μν} ξ , (1.2)

where Σ_{μν} =^1_4 [Γ_μ, Γ_ν ]. After dimensional reduction to four dimensions we get the following lagrangian of N = 4 supersymmetric Yang-Mills theory [34] L = − 1 4 G^a_{μν} G^{a μν} + i 2 λ̄^aγ_μD^μλ^a + 1 2 (D_μA^a_r )^2 + 1 2 (D_μB^a_r )^2 − − g 2 f^{abc}λ̄^a ( α_rA^b_r + γ_5β_rB^b_r ) λ^c − − g^2 4 [( f^{abc}A^b_rA^c_t )_2 + ( f^{abc}B^b_rB^c_t )_2 + 2 ( f^{abc}A^b_rB^c_t )_2] , (1.3)

1See last reference in [32] for review.

– 3 – where λ^a denotes vector of 4 Majorana spinors and G^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ + gf^{abc}A^b_μA^c_ν , D_μλ^a = ∂_μλ^a + gf^{abc}A^b_μλ^c , α_1 = ( 0 σ_1 −σ_1 0 ) , α_2 = ( 0 −σ_3 σ_3 0 ) , α_3 = ( iσ_2 0 0 iσ_2 ) , β_1 = ( 0 iσ_2 iσ_2 0 ) , β_2 = ( 0 1 −1 0 ) , β_3 = ( −iσ_2 0

0 iσ_2 ) , σ_{μν} = 1 4 [γ_μ, γ_ν ] , σ^′_{rt} = 1 4 [α_r, α_t] , σ_{rt} = 1 4 [β_r, β_t] , κ_{rt} = 1 4 {α_r, β_t} . In 4-dimensions we have gauge field (gluon), four Majorana fermions (gauginos), three scalars (A) and three pseudoscalars (B). Our notation is somewhat different form usually employed SU(4)-covariant form of N = 4 SYM, where we have gauge field, four left Weyl fermions and 6 real scalars. Certainly, both these forms of N = 4 lagrangian are completely equivalent and we have chosen this one only because it seems to be more convenient in doing actual loop calculations. The 4-dimensional supersymmetry transformation (1.2) now become (here ξ stands for a vector of 4 Majorana spinors) δA^a_μ = iξ̄γ_μλ^a , δA^a_r = ξ̄α_rλ^a , δB^a_r = ξ̄γ_5β_rλ^a , δλ^a = [ σ_{μν} G^{a μν}+ iγ_μD^μ (α_rA^a_r + γ_5β_rB^a_r ) + + gf^{abc} ( σ^′_{rt}A^b_rA^c_t + σ_{rt}B^b_rB^c_t + 2γ_5κ_{rt}A^b_rB^c_t )] ξ , δλ̄^a = ξ̄ [ −σ_{μν} G^{a μν} + iγ_μD^μ (α_rA^a_r − γ_5β_rB^a_r ) − − gf^{abc} ( σ^′_{rt}A^b_rA^c_t + σ_{rt}B^b_rB^c_t − 2γ_5κ_{rt}A^b_rB^c_t )] . (1.4)

Note, if we choose λ_3 = λ_4 = 0, λ_1, λ_2 non-vanishing and A_1 = A_2 = B_1 = B_2 = 0, A_3 = A, B_3 = B non-vanishing, then using the explicit representation of α and β matrices lagrangian (1.3) becomes lagrangian for N = 2 SUSY theory.

Moreover, N = 4 SYM has internal SU(4) R-symmetry group, which is symmetry of lagrangian under the following transformations of fields

δA^a_μ = 0 , δA^a_r = Λ^′_{rt}A^a_t + ~Λ_{rt}B^a_t , δB^a_t = Λ_{rt}B^a_r − ~Λ_{rt}A^a_r , δλ^a = − 1 2 ( σ^′_{rt}Λ^′_{rt} + σ_{rt}Λ_{rt} + 2γ_5k_{rt} ~Λ_{rt} ) λ^a , δλ̄^a = 1 2 λ̄^a ( σ^′_{rt}Λ^′_{rt} + σ_{rt}Λ_{rt} − 2γ_5k_{rt} ~Λ_{rt} ) , (1.5)

where parameters of these transformations, given by real antisymmetric matrices Λ^′_{rt}, Λ_{rt} and ~Λ_{rt}.

– 4 –

Later in this paper we will be interested in scale transformation properties of Wilson operators of lowest twist or, what is the same, in those, which have maximal Lorentz spin. The component with maximal Lorentz spin has a symmetric traceless Lorentz structure and the simplest way to project it out is to use a convolution with the product of light-like vectors n_μ (n^2 = 0). This way we effectively project our theory on the light-cone. For a general four-vector X^μ we introduce light-cone coordinates as follows: X^± = 1/ √ 2(X^0 ± X^3) and X^μY_μ = X^+Y^− + X^−Y^+ − X^iY^i, where i = 1, 2. For spinors the appropriate projectors are λ^± =^1_2 γ^±γ^∓λ, so that λ = λ^+ + λ^−. At this step it is also convenient to fix gauge condition. We employ light-cone gauge defined by setting A^{a +} = 0. Then taking ξ = ξ^+ (so that δA^+ = 0) the restricted light-cone supersymmetry transformations (1.4) become (γ^⊥_μ = γ_μ −n_μγ_− −n^∗_μγ_+, where n_μ and n^∗_μ project “plus” and “minus” components respectively) [35]

δ^QA^{a ⊥}_μ = iξ̄^+γ^⊥_μ λ^{a −} , δ^QA^a = ξ̄^+λ^{a −} , δ^QB^a = ξ̄^+γ_5λ^{a −} , δ^Qλ^{a −} = −γ^−γ^⊥_μ ∂^+A^{a ⊥}_μ ξ^+ + iγ^−∂^+(A^a + γ_5B^a)ξ^+ , δ^Qλ̄^{a −} = ξ̄^+γ^−γ^⊥_μ ∂^+A^{a ⊥}_μ + iξ̄^+γ^−∂^+(A^a − γ_5B^a) . (1.6)

In light-cone gauge the restricted supersymmetry transformations form the off-shell supersymmetry algebra. They are linear and form a closed algebra on the projected +- components of fields, defined as components having maximal spin.

1.2 Conformal twist-2 operators in N = 4 SUSY YM

Now, let us introduce the local singlet (with respect to internal SU(4)-symmetry group) conformal Wilson twist-2 operators appearing in this models for unpolarized and polarized cases [15, 8, 22, 36]

O^G_{j,l} = G^{a⊥}_{+μ}(i∂_+)^{l−1}C^{5/2}_{j−1} ( D_+ ∂_+ ) g^⊥_{μν} G^{a⊥}_{ν+} , (1.7) ~O^G_{j,l} = G^{a⊥}_{+μ}(i∂_+)^{l−1}C^{5/2}_{j−1} ( D_+ ∂_+ ) ϵ^⊥_{μν} G^{a⊥}_{ν+} , (1.8) O^λ_{j,l} = 1 2 λ̄^a_{+ i}(i∂_+)^lγ_+C^{3/2}_j ( D_+ ∂_+ ) λ^{a i}_+ , (1.9) ~O^λ_{j,l} = 1 2 λ̄^a_{+ i}(i∂_+)^lγ_+γ_5C^{3/2}_j ( D_+ ∂_+ ) λ^{a i}_+ , (1.10)

O^ϕ_{j,l} = ϕ̄^a_r (i∂_+)^{l+1}C^{1/2}_{j+1} ( D_+ ∂_+ ) ϕ^a_r , (1.11)

where ϕ = A+iB is a complex scalar field, D = −→ ∂ − ←− ∂, ∂ = −→ ∂ + ←− ∂, g^⊥_{μν} = g_{μν} −n_μn^∗_ν −n_ν n^∗_μ, ϵ^⊥_{μν} ≡ ϵ^{αβρσ}g^⊥_{αμ}g^⊥_{βν} n^∗_ρn_σ and C^ν_n(z) are Gegenbauer polynomials

C^ν_n(z) =

(−1)^n2^n n! Γ(n + ν) Γ(ν)

Γ(n + 2ν) Γ(2n + 2ν)

(1 − z^2)^{−ν+1/2} d^n dz^n [ (1 − z^2)^{n+ν−1/2} ] . (1.12)

In what follows we will restrict ourselves to the analysis of singlet conformal operators, just introduced, and tensor operator to be introduced in next section. However, in general,

– 5 –

N = 4 SYM has much richer content of twist-2 conformal operators, sitting in different representations of SU(4)-group. Besides bosonic operators in other irreducible representations of SU(4)-group, we can write down fermionic (by quantum numbers) operators formed by scalar-gluino and gluon-gluino fields. While these fermionic operators were already present in theories with less supersymmetry like N = 1 SYM [8, 22] and Wess-Zumino model [36], here we encounter new type of operator - vector operator formed by scalar and gluon fields. Under restricted supersymmetry transformations the conformal twist-2 operators form a closed operator supermultiplet. A general procedure of constructing supermultiplets of conformal operators is known for a long time [8]. Recently, full set of twist-2 conformal operators together with their transformations under restricted susy transformations was derived for the case of N = 4 SYM in ref. [37] and we refer interested reader to that paper.

As was already mentioned in introduction, we will be interested in the renormalization properties of these operators. It should be noted, that in the singlet case there is mixing between bosonic operators formed by gluon, gluino and scalar fields (1.7)–(1.11). Also, in the non-forward kinematics, in contrast to forward case, the operators (1.7)–(1.11) will mix under renormalization not only with each other, but also with the total derivatives of themselves.

2. Supersymmetric Ward identity in N = 4 SUSY YM

To begin with, let us introduce the following multiplicatively renormalized combinations of conformal operators for unpolarized (eqs. (1.7), (1.9) and (1.11)) and polarized (eqs. (1.8) and (1.10)) cases

S^1_{j,l} = 6O^g_{j,l} + j 2 O^λ_{j,l} + j(j + 1) 4 O^ϕ_{j,l} , (2.1) P^1_{j,l} = 6 ~O^g_{j,l} + j 2 ~O^λ_{j,l} , (2.2) S^2_{j,l} = 6O^g_{j,l} − 1 4 O^λ_{j,l} − (j + 1)(j + 2) 12 O^ϕ_{j,l} , (2.3) P^2_{j,l} = 6 ~O^g_{j,l} − j + 3 2 ~O^λ_{j,l} , (2.4) S^3_{j,l} = 6O^g_{j,l} − j + 3 2 O^λ_{j,l} + (j + 2)(j + 3) 4 O^ϕ_{j,l} , (2.5)

where the coefficients in front of operators can be found in a way, similar to [38, 8]. Here, we would like to note, that these linear combinations of conformal operators, which are also the components of N = 4 operator supermultiplet, renormalize multiplicatively only in LO of perturbation theory. Beyond LO in dimensional reduction, which preserves supersymmetry to rather high order in perturbation theory, used in this paper they get additional rotations due to the breakdown of superconformal symmetry. So, in general, it is only the constrains on anomalous dimensions of our conformal operators following from supersymmetric Ward identities, that remain valid to all orders of perturbation theory.

To derive the supersymmetric Ward identities, relating anomalous dimensions of singlet conformal operators to the anomalous dimension of some supersymmetry primary operator, which renormalized multiplicatively, we need to know the action of four restricted

– 6 – supersymmetry transformations on these singlet operators. Applying four restricted supersymmetry transformations to our initial singlet operators we get:^2 (δ^Q = δ^Q_4 δ^Q_3 δ^Q_2 δ^Q_1 )

δ^QS^1_{j,l} = 1 2 (1 − (−1)^j )ξ̄_4γ^⊥_ν γ^−ξ_3ξ̄_2γ^⊥_μ γ^−ξ_1 W^{μν}_{j−2,l} , (2.6)

δ^QS^2_{j,l} = 1 2 (1 − (−1)^j )ξ̄_4γ^⊥_ν γ^−ξ_3ξ̄_2γ^⊥_μ γ^−ξ_1 W^{μν}_{j,l} , (2.7)

δ^QS^3_{j,l} = 1 2 (1 − (−1)^j )ξ̄_4γ^⊥_ν γ^−ξ_3ξ̄_2γ^⊥_μ γ^−ξ_1 W^{μν}_{j+2,l} , (2.8)

δ^QP^1_{j,l} = 1 2 (1 + (−1)^j )ξ̄_4γ^⊥_ν γ^−ξ_3ξ̄_2γ^⊥_μ γ^−ξ_1 ~W^{μν}_{j−1,l} , (2.9)

δ^QP^2_{j,l} = 1 2 (1 + (−1)^j )ξ̄_4γ^⊥_ν γ^−ξ_3ξ̄_2γ^⊥_μ γ^−ξ_1 ~W^{μν}_{j+1,l} , (2.10)

where W^{μν}_{j,l} = τ^{μν,ρσ}_⊥ tr { G^{+⊥}_ρ (i∂_+)^{l−1}C^{5/2}_{j−1} ( D_+ ∂_+ ) G^{⊥+}_σ } , (2.11) ~W^{μν}_{j,l} = iτ^{μν,ρσ}_⊥ tr { ~G^{+⊥}_ρ (i∂_+)^{l−1}C^{5/2}_{j−1} ( D_+ ∂_+ ) G^{⊥+}_σ } , (2.12) τ^{μν,ρσ} ⊥ =^1_2 ( g^{μρ}_⊥ g^{νσ}_⊥ + g^{μσ}_⊥ g^{νρ}_⊥ − g^{μν}_⊥ g^{ρσ}_⊥ ) . Note, that here we kept only terms containing at the end operator we are interested in.

We see one general property, which is inherent to this set of transformation: for bosonic operators with a certain parity (S^i or P^i) the index j of final operator W^{μν}_{j,l} changes on two units after each step.

Using restricted supersymmetry transformation above, it is easy to find [22], that the renormalized supersymmetric Ward identity in the regularization scheme, preserving supersymmetry, has the following form (S_{j,l} denotes vector of operators S^1_{j,l}, S^2_{j,l} and S^3_{j,l}) ⟨[S_{jl}]δ^QX ⟩ = −⟨δ^Q[S_{jl}]X ⟩ − ⟨i[S_{jl}](δ^QS)X ⟩ and ⟨δ^Q[S_{jl}]X ⟩ = finite , (2.13) where we used the fact, that renormalized action in supersymmetric regularization is invariant with respect to supersymmetry transformations ⟨i[S_{jl}](δ^QS)X ⟩ = 0. As we already noted, beyond LO our operators (2.1), (2.3) and (2.5) mix under renormalization, so that the renormalized operators are defined as (square brackets correspond to renormalized quantities)

S^1 S^2 S^3 jl = j∑ k=0 11Z_S^{12}Z_S^{13}Z_S 21Z_S^{22}Z_S^{23}Z_S 31Z_S^{32}Z_S^{33}Z_S jk Z^{−1}_ϕ 0 0 0 Z^{−1}_ϕ 0 0 0 Z^{−1}_ϕ

S^1 S^2 S^3 kl (2.14)

and as a consequence the renormalization group equation for these operators is given by d d ln μ S^1 S^2 S^3 jl = j∑ k=0 11γ^{S 12}γ^{S 13}γ^S 21γ^{S 22}γ^{S 23}γ^S 31γ^{S 32}γ^{S 33}γ^S jk S^1 S^2 S^3 kl . (2.15)

2Supersymmetric transformations for all operators in N = 4 SYM can be found in appendix of ref. [37].

– 7 –

Now, from supersymmetric Ward identity (2.13) we get (σ_k =^1_2 (1 − (−1)^k) and Z_{jk} = 0 for k > j) j∑ k=0 k∑ k^′=0

11Z_S^{12}Z_S^{12}Z_S 21Z_S^{22}Z_S^{23}Z_S 31Z_S^{32}Z_S^{33}Z_S jk σ_k {Z^{−1}_W }_{k−2,k}′ {Z^{−1}_W }_{k,k}′ {Z^{−1}_W }_{k+2,k}′ [W_{k′l}] = finite . (2.16)

1/ϵ poles in (2.16) cancel, provided j∑ k=0 {_{11} Z^{[1]}_S } jk σ_k[W_{k−2,l}] + j∑ k=0 {_{12} Z^{[1]}_S } jk σ_k[W_{k,l}] + j∑ k=0 {_{13} Z^{[1]}_S } jk σ_k[W_{k+2,l}]

= σ_j j∑ k=0 { Z^{[1]}_W } j−2,k [W_{kl}] , (2.17) j∑ k=0 {_{21} Z^{[1]}_S } jk σ_k[W_{k−2,l}] + j∑ k=0 {_{22} Z^{[1]}_S } jk σ_k[W_{k,l}] + j∑ k=0 {_{23} Z^{[1]}_S } jk σ_k[W_{k+2,l}]

= σ_j j∑ k=0 { Z^{[1]}_W } j,k [W_{kl}] , (2.18) j∑ k=0 {_{31} Z^{[1]}_S } jk σ_k[W_{k−2,l}] + j∑ k=0 {_{32} Z^{[1]}_S } jk σ_k[W_{k,l}] + j∑ k=0 {_{33} Z^{[1]}_S } jk σ_k[W_{k+2,l}]

= σ_j j∑ k=0 { Z^{[1]}_W } j+2,k [W_{kl}] . (2.19)

Taking into account linear independence of operators [W_{kl}] we finally get the following relations on anomalous dimensions of conformal operators

11γ^S_{2n+5,2m+1} +^{12}γ^S_{2n+5,2m−1} +^{13}γ^S_{2n+5,2m−3} = γ^W_{2n+3,2m−1} , m ≤ n + 2 , (2.20)

21γ^S_{2n+3,2m+1} +^{22}γ^S_{2n+3,2m−1} +^{23}γ^S_{2n+3,2m−3} = γ^W_{2n+3,2m−1} , m ≤ n + 1 , (2.21)

31γ^S_{2n+1,2m+1} +^{32}γ^S_{2n+1,2m−1} +^{33}γ^S_{2n+1,2m−3} = γ^W_{2n+3,2m−1} , m ≤ n (2.22) and 12γ^S_{2n+1,2n+1} +^{13}γ^S_{2n+1,2n−1} = 0 ,^{13}γ^S_{2n+1,2n+1} = 0 , (2.23)

22γ^S_{2n+1,2n+1} +^{23}γ^S_{2n+1,2n−1} = γ^W_{2n+1,2n+1} ,^{23}γ^S_{2n+1,2n+1} = 0 , (2.24)

32γ^S_{2n+1,2n+1} +^{33}γ^S_{2n+1,2n−1} = γ^W_{2n+3,2n+1} ,^{33}γ^S_{2n+1,2n+1} = γ^W_{2n+3,2n+3} . (2.25)

Now, let us turn to polarized case. All the steps one need to perform here are in one to one correspondence with unpolarized case. First we write down the supersymmetric Ward identity (P_{j,l} denotes vector of operators P^1_{j,l} (2.2) and P^2_{j,l} (2.4))

⟨[P_{jl}]δ^QX ⟩ = −⟨δ^Q[P_{jl}]X ⟩ − ⟨i[P_{jl}](δ^QP )X ⟩ and ⟨δ^Q[P_{jl}]X ⟩ = finite . (2.26)

– 8 –

The operators (2.2) and (2.4) mix under renormalization and thus we define renormalized operators as (square brackets correspond to renormalized quantities) [ P^1 P^2 ] jl = j∑ k=0 (_{11} Z_P^{12}Z_P 21Z_P^{22}Z_P ) jk ( Z^{−1}_ϕ 0 0 Z^{−1}_ϕ ) ( P^1 P^2 ) kl . (2.27)

The renormalization group equation for these operators is given by d d ln μ [ P^1 P^2 ] jl = j∑ k=0 (_{11}

γ^{P 12}γ^P 21γ^{P 22}γ^P ) jk [ P^1 P^2 ] kl . (2.28)

From supersymmetric Ward identity (2.26) we get (σ̄_k =^1_2 (1 + (−1)^k) and Z_{jk} = 0 for k > j)_j ∑ k=0 k∑ k^′=0

(_{11}

Z_P^{12}Z_P 21Z_P^{22}Z_P ) jk σ̄_k ( {Z^{−1}_{~W} }_{k−1,k}′ {Z^{−1}_{~W} }_{k+1,k}′ ) [ ~W_k′_l] = finite . (2.29)

1/ϵ poles in (2.29) cancel, provided j∑ k=0 {_{11} Z^{[1]}_P } jk σ̄_k[ ~W_{k−1,l}] + j∑ k=0 {_{12}

Z^{[1]}_P } jk σ̄_k[ ~W_{k+1,l}] = σ̄_j j∑ k=0 { Z^{[1]}_{~W} } j−1,k [ ~W_{kl}] , j∑ k=0 {_{21} Z^{[1]}_P } jk σ̄_k[ ~W_{k−1,l}] + j∑ k=0 {_{22}

Z^{[1]}_P } jk σ̄_k[ ~W_{k+1,l}] = σ̄_j j∑ k=0 { Z^{[1]}_{~W} } j+1,k [ ~W_{kl}] . Taking into account linear independence of operators [ ~W_{kl}] we finally get the following relations

11γ^P_{2n+2,2m} +^{12}γ^P_{2n+2,2m−2} = γ^{~W}_{2n,2m−2} , m ≤ n + 1 , (2.30)

21γ^P_{2n,2m} +^{22}γ^P_{2n,2m−2} = γ^{~W}_{2n,2m−2} , m ≤ n (2.31)

and_{12} γ^P_{2n,2n} = 0 ,^{22}γ^P_{2n,2n} = γ^{~W}_{2n,2n} . (2.32)

Note, that both operators W_{j,k} and ~W_{j,k} are components of the same operator supermultiplet and thus have the same single anomalous dimension (with shifted argument).

To obtain from these results the corresponding relations for anomalous dimensions of conformal operators considered earlier, one just need to use the following transition formulae among anomalous dimensions of conformal operators (2.1)–(2.5) and anomalous dimensions of operators (1.7)–(1.11):

(_{11} γ^{P 12}γ^P 21γ^{P 22}γ^P ) = ( 6^j_2 6 −^{j+3}_2 ) (_{gg} γ̃^{gλ}γ̃ λgγ̃^{λλ}γ̃ ) ( 6^k_2 6 −^{k+3}_2 )_{−1} , (2.33)

11γ^{S 12}γ^{S 13}γ^S 21γ^{S 22}γ^{S 23}γ^S 31γ^{S 32}γ^{S 33}γ^S

= (2.34)

= 6^j_2^{j(j+1)}_4 6 −^1_4 −^{(j+1)(j+2)}_{12} 6 −^{j+3}_2^{(j+2)(j+3)}_4 ggγ^{gλ}γ^{gϕ}γ λgγ^{λλ}γ^{λϕ}γ ϕgγ^{ϕλ}γ^{ϕϕ}γ 6^k_2^{k(k+1)}_4 6 −^1_4 −^{(k+1)(k+2)}_{12} 6 −^{k+3}_2^{(k+2)(k+3)}_4

−1 .

– 9 –

These relations allow us to operate both with anomalous dimensions of conformal operators (1.7)–(1.11) or, equivalently, with anomalous dimensions of multiplicatively renormalized operators (2.1)–(2.5).

3. Universal non-forward AD in N = 4 SUSY YM.

Now, let us proceed with the determination of universal non-forward anomalous dimension γ^{uni}_{j,k} = γ^W_{j,k}. The simplest way to do it is to use the formalism of broken conformal Ward identities (CWI) ref. [18, 19]. The basic idea of this method lies in the relation between scale and special conformal anomalies of conformal operators. It was found that non-diagonal part γ^{ND} of the complete anomalous dimensions matrix

γ_{j,k} = γ^D_j δ_{j,k} + γ^{ND}_{j,k} , γ = α_sN_c 2π γ^{(0)} + ( α_sN_c 2π )_2 γ^{(1)} + · · · (3.1)

arises entirely due to the violation of special conformal symmetry. Moreover, within this framework we have a relation between scale anomalous dimension matrix in n-th order of perturbation theory and matrices of scale and special conformal anomalies in (n−1)-order of perturbation theory. As a consequence the calculation of leading nondiagonal part of nonforward anomalous dimensions matrix, which is nonzero starting from two-loop order, could be reduced to calculation of more simple one-loop diagrams.

Up to the moment there are results for nondiagonal parts of nonforward anomalous dimension matrices of conformal operators calculated in QED [20], QCD [21], N = 1 supersymmetric Yang-Mills theory [22] and in supersymmetric Wess-Zumino model [36], both for polarized and unpolarized cases. The results in N = 1 SYM could be easily derived from already known QCD result via simple identification of colour Casimir operators: C_A = C_F = 2N_f T_F = N_c. In N = 4 SYM the situation is slightly more complicated. Besides correspondingly adjusted map of colour Casimir operators: C_A = C_F =^1_2 N_f T_F = N_c, where we accounted for four Majorana fermions compared to one in N = 1 SYM, we need to consider scalar fields ϕ, which are absent in N = 1 SYM. The presence of scalar fields results in introduction of one additional conformal operator (2.5) and increases the size of anomalous dimension matrix in unpolarized case. So, in general, in unpolarized case we need to compute 5 new conformal anomalies. However, as we already noted, to find leading nondiagonal part of nonforward anomalous dimensions matrix all we need to know is one-loop matrix of special conformal anomalies (matrix of scale anomalies is diagonal at one-loop order and is known for a long time). A simple diagram analysis shows, that the only nontrivial contribution to special conformal anomaly matrix, not related to one-loop scale anomaly matrix and not already computed in QCD, resides in^{ϕϕ}γ and^{gϕ}γ.

On the contrary, in polarized case we have only two conformal operators: (1.8) and (1.10), which are similar to polarized operators in N = 1 SYM and QCD. In this case we do not need to perform any new calculations and we can use polarized case to extract universal non-diagonal part of non-forward anomalous dimension matrix from already known results for non-forward polarized anomalous dimension matrix in QCD from

– 10 – refs. [19, 20, 21] and results for leading order forward polarized anomalous dimension matrix in N = 4 SYM from refs. [10, 6]. As a result we obtain the following final expressions for leading non-diagonal parts of non-forward polarized anomalous dimension matrix in N = 4 SYM (j > k): λλ~γ^{ND(1)}_{jk} = − (_{λλ} ~γ^{(0)}_j −^{λλ}~γ^{(0)}_k ) ( d_{jk}^{λλ}~γ^{(0)}_k −^{λλ}g_{jk} ) − − (_{λg} ~γ^{(0)}_j −^{λg}~γ^{(0)}_k ) d_{jk}^{gλ}~γ^{(0)}_k +^{λg}~γ^{(0)}_j^{gλ}g_{jk} , (3.2) λg~γ^{ND(1)} jk = − (_{λg} ~γ^{(0)}_j −^{λg}~γ^{(0)}_k ) d_{jk}^{gg}~γ^{(0)}_k − (_{λλ} ~γ^{(0)}_j −^{λλ}~γ^{(0)}_k ) d_{jk}^{λg}~γ^{(0)}_k +

+^{λg}~γ^{(0)}_j^{gg}g_{jk} −^{λλ}g_{jk}^{λg}~γ^{(0)}_k , (3.3) gλ~γ^{ND(1)} jk = − (_{gλ} ~γ^{(0)}_j −^{gλ}~γ^{(0)}_k ) d_{jk}^{λλ}~γ^{(0)}_k − (_{gg} ~γ^{(0)}_j −^{gg}~γ^{(0)}_k ) d_{jk}^{gλ}~γ^{(0)}_k +

+^{gλ}~γ^{(0)}_j^{λλ}g_{jk} −^{gg}g_{jk}^{gλ}~γ^{(0)}_k + (_{gg} ~γ^{(0)}_j −^{λλ}~γ^{(0)}_k )_{gλ} g_{jk} , (3.4) gg~γ^{ND(1)} jk = − (_{gg} ~γ^{(0)}_j −^{gg}~γ^{(0)}_k ) ( d_{jk}^{gg}~γ^{(0)}_k −^{gg}g_{jk} ) − (3.5) − (_{gλ} ~γ^{(0)}_j −^{gλ}~γ^{(0)}_k ) d_{jk}^{λg} ~γ^{(0)}_k −^{gλ}g_{jk}^{λg}~γ^{(0)}_k . (3.6) where d_{jk} = b(j, k)/a(j, k), g_{jk} = w_{jk}/a(j, k) and a(j, k) = 2(j − k)(j + k + 3) , b(j, k) = − [ 1 + (−1)^{j−k} ] (2k + 3) , if j > k and even ; 0 otherwise .

The quantities w_{j,k} were computed in refs. [19, 20, 21] and are given by ggw_{j,k} = −2 [ 1 + (−1)^{j−k} ] θ_{j−2,k}(3 + 2k) × × ( 2A_{jk} + (A_{jk} − S_1(j + 1)) [ (j)_4 (k)_4 − 1 ] + 2(j − k)(j + k + 3) 1 (k)_4 ) , (3.7) λλw_{jk} = −2[1 + (−1)^{j−k}]θ_{j−2,k}(3 + 2k) × × ( 2A_{jk} + (A_{jk} − S_1(j + 1))

(j − k)(j + k + 3) (k + 1)(k + 2) ) , (3.8) gλw_{jk} = −2 [ 1 + (−1)^{j−k} ] θ_{j−2,k}(3 + 2k) 1 6 (j − k)(j + k + 3)

(k + 1)(k + 2)

, (3.9)

λgw_{jk} = 0 , (3.10)

where θ_{j,k} is equal to 1, if j > k and 0 otherwise and

A_{jk} = S_1 ( j + k + 2 2 ) − S_1 ( j − k − 2 2 ) + 2S_1(j − k − 1) − S_1(j + 1) . (3.11)

Here S_k(n) denotes harmonic sum

S_i(j) = j∑ m=1 1 m^i , S_{−i}(j) = (−1)^j j∑ m=1 (−1)^m m^i ,

S_{−2,1}(j) = (−1)^j j∑ m=1 (−1)^m

m^2

S_1(m) (3.12)

– 11 – and (a)_k =^{Γ(a+k)}_{Γ(a)} stands for Pochhammer symbol. The leading order forward anomalous dimensions of conformal operators, entering formula above are given by [10, 6]

λλ~γ^{(0)}_j = 4 ( 1 (j + 1)(j + 2)

+ S_1(j + 1) ) , (3.13) λg~γ^{(0)}_j = − 48 (j + 1)(j + 2)

, (3.14) gλ~γ^{(0)}_j = − j(j + 3) 3(j + 1)(j + 2)

, (3.15)

gg~γ^{(0)}_j = 4S_1(j + 1) − 8 (j + 1)(j + 2)

. (3.16)

Collecting all contributions together and using the relations (2.33) and (2.30) (or (2.31)) we find the following expression for NLO universal non-forward anomalous dimension in N = 4 SYM

uniγ^{ND(1)} j,k = γ^{~W}_{j−2,k−2} = 4 (1 + (−1)^{j−k})(2k + 1)(S_1(j) − S_1(k)) (k − 1)_4(j − k)(j + k + 1) × × {[ S_1 ( j−k 2 ) −2S_1(j−k)−S_1 ( j+k 2 )] ( (j−1)_4+(k−1)_4 ) × + 2(j − 1)_4S_1(j) + 2(k − 1)_4S_1(k) } . (3.17)

Now, combining eqs. (2.30) and (2.31) together we get

11γ^P_{2n+2,2m} +^{12}γ^P_{2n+2,2m−2} −^{21}γ^P_{2n,2m} −^{22}γ^P_{2n,2m−2} = 0 . (3.18)

Taking m = n−1 it is easy to check using eq. (2.33), that our nonforward anomalous dimensions satisfy this relation. Moreover we can check relation between the NLO non-forward anomalous dimension and NLO forward anomalous dimension from ref. [7].^3 Namely from eq. (3.18) we have

11γ^P_{2n+2,2n} +^{12}γ^P_{2n+2,2n−2} −^{21}γ^P_{2n,2n} −^{22}γ^P_{2n,2n−2} = 0 , for m = n , (3.19)

11γ^P_{2n,2n} +^{12}γ^P_{2n,2n−2} −^{22}γ^P_{2n−2,2n−2} = 0 , for m = n + 1 . (3.20)

Indeed, taking explicit expressions for NLO forward anomalous dimensions from ref. [7] (to adapt these results to normalization used in present paper one needs to multiply the results of ref. [7] by (−1/2), shift the value of momentum j by unity j = j + 1 and then make the following substitutions:^{λg}γ̃_j =^{λg}γ̃_j^6_j and^{gλ}γ̃_j =^{gλ}γ̃_j^j_6 )

11γ^P_{j,j} =^{22}γ^P_{j−2,j−2} = −4(S_3(j) + S_{−3}(j)) − 8S_1(j)(S_2(j) + S_{−2}(j)) + 8S_{−2,1}(j) , (3.21) 21γ^P_{j,j} = 24S_1(j) j(j + 1)(j + 2) − 8(2j + 3) (j + 1)^2(j + 2)^2

. (3.22)

3In ref. [7] the results of calculation were written in DRED scheme, however the coupling constant was kept in MS scheme. To obtain a result fully expressed in DRED quantities, one needs to perform the following coupling constant redefinition for coupling constant αDRED = α_{MS} + Nc/(12π)(α_{MS})^2. It means, that we need to add to NLO anomalous dimension from ref. [7] the corresponding LO expression from refs. [10, 6], that is in present paper we are using γ^{(1)}_j = [γ^{(1)}_j ]_{ref. [}7_] − 1/6 γ^{(0)}_j .

– 12 – where S_i(j) stands for harmonic sum defined in eq. (3.12), one can easily verify, that above relations hold true. Note, that eq. (3.19) contains a contribution from forward non-diagonal anomalous dimension^{21}γ_{2n,2n}. The appearance of nondiagonal part of forward anomalous dimension matrix (2.33) is related to the breaking of superconformal symmetry, what is explicitly demonstrated by eq. (3.19).

Finally, having in mind possible future tests of AdS/CFT correspondence, we would like to consider one particular limit of our result eq. (3.17). As this result is meaningful only for j > k we parameterize the limit of large j and k as follows:

j = n m , k = m . (3.23)

Now, using S_1(j) = Ψ(j + 1) − Ψ(1) ≈ ln(j) for large j, it is easy to find the following asymptotic behaviour of eq. (3.17) (for even j − k)

uniγ^{ND(1)} n m,m = 16 m ln(n) n^2 − 1 [ n^4 ln ( n^2 n^2 − 1 ) + ln ( 1 n^2 − 1 )] . (3.24)

4. Conclusion

In the present paper we found a closed analytical expression for NLO universal non-forward anomalous dimension of Wilson twist-2 operators in N = 4 supersymmetric Yang-Mills theory. To derive this result it was sufficient to know constrains on anomalous dimensions of conformal operators, following from supersymmetric Ward identities, together with already known results for anomalous dimensions of Wilson twist-2 operators in QCD. Moreover, supersymmetric Ward identities allowed us to find the relation of non-forward anomalous dimension determined here with already known forward anomalous dimension of Wilson twist-2 operators in N = 4 SYM theory. This relation may serve as an additional check of correctness of the results obtained both for forward and non-forward anomalous dimensions of conformal operators in this model up to next-to-leading order in perturbation theory. Finally, we considered the limit of our result for non-forward anomalous dimension, when momenta j and k turn to infinity, while their ratio is being fixed. In this limit non-forward anomalous dimension scales as 1/j, where j is Lorentz spin.

Acknowledgments

We are grateful to L.N. Lipatov for numerous discussions on the subject of this paper.

References

[1] L.N. Lipatov, Reggeization of the vector meson and the vacuum singularity in nonabelian gauge theories, Sov. J. Nucl. Phys. 23 (1976) 338;

V.S. Fadin, E.A. Kuraev and L.N. Lipatov, On the Pomeranchuk singularity in asymptotically free theories, Phys. Lett. B 60 (1975) 50;

E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Multi-Reggeon processes in the Yang-Mills theory, Sov. Phys. JETP 44 (1976) 443; The Pomeranchuk singularity in nonabelian gauge theories, Sov. Phys. JETP 45 (1977) 199;

– 13 –

I.I. Balitsky and L.N. Lipatov, The Pomeranchuk singularity in quantum chromodynamics, Sov. J. Nucl. Phys. 28 (1978) 822; Calculation of meson meson interaction cross-section in quantum chromodynamics, Sov. Phys. JETP Lett. 30 (1979) 355.

[2] V.N. Gribov and L.N. Lipatov, Deep inelastic e p scattering in perturbation theory, Yad.

Fiz. 15 (1972) 781; e^+e^− pair annihilation and deep inelastic e p scattering in perturbation theory, Yad. Fiz. 15 (1972) 1218;

L.N. Lipatov, The parton model and perturbation theory, Sov. J. Nucl. Phys. 20 (1975) 94; G. Altarelli and G. Parisi, Asymptotic freedom in parton language, Nucl. Phys. B 126 (1977) 298;

Y.L. Dokshitzer, Calculation of the structure functions for deep inelastic scattering and e^+e^− annihilation by perturbation theory in quantum chromodynamics. (in russian), Sov. Phys. JETP 46 (1977) 641.

[3] V.S. Fadin and L.N. Lipatov, BFKL pomeron in the next-to-leading approximation, Phys.

Lett. B 429 (1998) 127 [hep-ph/9802290];

M. Ciafaloni and G. Camici, Energy scale(s) and next-to-leading BFKL equation, Phys. Lett. B 430 (1998) 349 [hep-ph/9803389].

[4] E.G. Floratos, D.A. Ross and C.T. Sachrajda, Higher order effects in asymptotically free gauge theories: the anomalous dimensions of Wilson operators, Nucl. Phys. B 129 (1977) 66; Erratum, Nucl. Phys. B 139 (1978) 545;

E.G. Floratos, D.A. Ross and C.T. Sachrajda, Higher order effects in asymptotically free gauge theories, 2. Flavor singlet Wilson operators and coefficient functions, Nucl. Phys. B 152 (1979) 493;

A. Gonzalez-Arroyo, C. Lopez and F.J. Yndurain, Second order contributions to the structure functions in deep inelastic scattering, I. Theoretical calculations, Nucl. Phys. B 153 (1979) 161;

A. Gonzalez-Arroyo and C. Lopez, Second order contributions to the structure functions in deep inelastic scattering, 3. The singlet case, Nucl. Phys. B 166 (1980) 429; C. Lopez and F.J. Yndurain, Behavior at x = 0, 1, sum rules and parametrizations for structure functions beyond the leading order, Nucl. Phys. B 183 (1981) 157; G. Curci, W. Furmanski and R. Petronzio, Evolution of parton densities beyond leading order: the nonsinglet case, Nucl. Phys. B 175 (1980) 27;

W. Furmanski and R. Petronzio, Singlet parton densities beyond leading order, Phys. Lett. B 97 (1980) 437;

R. Hamberg and W.L. van Neerven, The correct renormalization of the gluon operator in a covariant gauge, Nucl. Phys. B 379 (1992) 143;

R.K. Ellis and W. Vogelsang, The evolution of parton distributions beyond leading order: the singlet case, hep-ph/9602356;

R. Mertig and W.L. van Neerven, The calculation of the two loop spin splitting functions P^{(1)}_{ij} (x), Z. Physik C 70 (1996) 637 [hep-ph/9506451];

W. Vogelsang, The spin-dependent two-loop splitting functions, Nucl. Phys. B 475 (1996) 47 [hep-ph/9603366].

[5] A.V. Kotikov and L.N. Lipatov, NLO corrections to the BFKL equation in QCD and in supersymmetric gauge theories, Nucl. Phys. B 582 (2000) 19 [hep-ph/0004008].

[6] A.V. Kotikov and L.N. Lipatov, DGLAP and BFKL evolution equations in the N = 4 supersymmetric gauge theory, hep-ph/0112346; DGLAP and BFKL equations in the N = 4 supersymmetric gauge theory, Nucl. Phys. B 661 (2003) 19 [hep-ph/0208220].

– 14 –

[7] A.V. Kotikov, L.N. Lipatov and V.N. Velizhanin, Anomalous dimensions of Wilson operators in N = 4 SYM theory, Phys. Lett. B 557 (2003) 114 [hep-ph/0301021].

[8] A.P. Bukhvostov, E.A. Kuraev, L.N. Lipatov and G.V. Frolov, Supersymmetry and anomalous dimensionalities of quasi-parton operators in quantum chromodynamics, JETP. Lett. 41 (1985) 92–95;

A.P. Bukhvostov, G.V. Frolov, L.N. Lipatov and E.A. Kuraev, Evolution equations for quasi-partonic operators, Nucl. Phys. B 258 (1985) 601.

[9] L.N. Lipatov, Evolution equations in QCD, Perspectives in Hadronic Physics, in: Proc. of the ICTP conf., World Scientific, Singapore, 1997.

[10] L.N. Lipatov, in: Proc. of the Int. Workshop on very high multiplicity physics, Dubna, 2000, pp. 159-176; Next-to-leading corrections to the BFKL equation and the effective action for high energy processes in QCD, Nucl. Phys. 99A (Proc. Suppl.) (2001) 175

[11] L.N. Lipatov, High-energy asymptotics of multicolor QCD and exactly solvable lattice models, Sov. Phys. JETP Lett. 59 (1994) 596 [hep-th/9311037];

L.D. Faddeev and G.P. Korchemsky, High-energy QCD as a completely integrable model, Phys. Lett. B 342 (1995) 311 [hep-th/9404173].

[12] A.V. Efremov and A.V. Radyushkin, Asymptotical behavior of pion electromagnetic form-factor in QCD, JINR preprint E2-11983, Dubna (October 1978), Theor. Math. Phys. 42 (1980) 97; Factorization and asymptotical behavior of pion form-factor in QCD, Phys. Lett. B 94 (1980) 245;

G.P. Lepage and S.J. Brodsky, Exclusive processes in quantum chromodynamics: evolution equations for hadronic wave functions and the form-factors of mesons, Phys. Lett. B 87 (1979) 359; Exclusive processes in perturbative quantum chromodynamics, Phys. Rev. D 22 (1980) 2157.

[13] S.V. Mikhailov and A.V. Radyushkin, Evolution kernels in QCD: two loop calculation in Feynman gauge, Nucl. Phys. B 254 (1985) 89.

[14] S.V. Mikhailov and A.V. Radyushkin, Evolution kernel for the pion wave function: two loop calculation in scalar Φ^3 in six-dimensions model, Theor. Math. Phys. 65 (1986) 999.

[15] Y.M. Makeenko, Conformal operators in quantum chromodynamics, Sov. J. Nucl. Phys. 33 (1981) 440;

T. Ohrndorf, Constraints from conformal covariance on the mixing of operators of lowest twist, Nucl. Phys. B 198 (1982) 26.

[16] F.M. Dittes and A.V. Radyushkin, Radiative corrections to the pion form-factor in quantum chromodynamics. (in russian), Sov. J. Nucl. Phys. 34 (1981) 293.

[17] S.V. Mikhailov and A.V. Radyushkin, Structure of two loop evolution kernels and evolution of the pion wave function in P hi^3 in six-dimensions and QCD, Nucl. Phys. B 273 (1986) 297.

[18] D. Müller, Constraints for anomalous dimensions of local light cone operators in P hi^3 in six-dimensions theory, Z. Physik C 49 (1991) 293.

[19] D. Müller, Conformal constraints and the evolution of the nonsinglet meson distribution amplitude, Phys. Rev. D 49 (1994) 2525.

[20] A.V. Belitsky and D. Müller, Next-to-leading order evolution of twist-two conformal operators: the abelian case, Nucl. Phys. B 527 (1998) 207 [hep-ph/9802411].

– 15 –

[21] A.V. Belitsky and D. Müller, Broken conformal invariance and spectrum of anomalous dimensions in QCD, Nucl. Phys. B 537 (1999) 397 [hep-ph/9804379].

[22] A.V. Belitsky, D. Müller and A. Schafer, Implications of N = 1 supersymmetry for QCD conformal operators, Phys. Lett. B 450 (1999) 126 [hep-ph/9811484]; A.V. Belitsky and D. Müller, N = 1 supersymmetric constraints for evolution kernels, Nucl. Phys. 79 (Proc. Suppl.) (1999) 576 [hep-ph/9905211];

A.V. Belitsky and D. Müller, Superconformal constraints for QCD conformal anomalies, Phys. Rev. D 65 (2002) 054037 [hep-ph/0009072].

[23] A.V. Belitsky, D. Müller and A. Freund, Reconstruction of non-forward evolution kernels, Phys. Lett. B 461 (1999) 270 [hep-ph/9904477].

[24] A.V. Belitsky and D. Müller, Exclusive evolution kernels in two-loop order: parity even sector, Phys. Lett. B 464 (1999) 249 [hep-ph/9906409].

[25] A.V. Belitsky, A. Freund and D. Müller, Evolution kernels of skewed parton distributions:

method and two-loop results, Nucl. Phys. B 574 (2000) 347 [hep-ph/9912379].

[26] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv.

Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200];

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109];

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].

[27] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, A semi-classical limit of the gauge/string correspondence, Nucl. Phys. B 636 (2002) 99 [hep-th/0204051].

[28] S. Frolov and A.A. Tseytlin, Semiclassical quantization of rotating superstring in AdS_5 × S^5, J. High Energy Phys. 06 (2002) 007 [hep-th/0204226].

[29] M. Kruczenski, A note on twist two operators in N = 4 SYM and Wilson loops in Minkowski signature, J. High Energy Phys. 12 (2002) 024 [hep-th/0210115].

[30] Y. Makeenko, Light-cone Wilson loops and the string/gauge correspondence, J. High Energy Phys. 01 (2003) 007 [hep-th/0210256].

[31] A.V. Belitsky, A.S. Gorsky and G.P. Korchemsky, Gauge/string duality for QCD conformal operators, Nucl. Phys. B 667 (2003) 3 [hep-th/0304028].

[32] S. Frolov and A.A. Tseytlin, Multi-spin string solutions in AdS_5 × S^5, Nucl. Phys. B 668 (2003) 77 [hep-th/0304255]; Quantizing three-spin string solution in AdS_5 × S^5, J. High Energy Phys. 07 (2003) 016 [hep-th/0306130]; Rotating string solutions: adS/CFT duality in non-supersymmetric sectors, Phys. Lett. B 570 (2003) 96 [hep-th/0306143]; G. Arutyunov, S. Frolov, J. Russo and A.A. Tseytlin, Spinning strings in AdS_5 × S^5 and integrable systems, Nucl. Phys. B 671 (2003) 3 [hep-th/0307191];

G. Arutyunov, J. Russo and A.A. Tseytlin, Spinning strings in AdS_5 × S^5: new integrable system relations, hep-th/0311004;

A.A. Tseytlin, Spinning strings and AdS/CFT duality, hep-th/0311139.

[33] L. Brink, J.H. Schwarz and J. Scherk, Supersymmetric Yang-Mills theories, Nucl. Phys. B 121 (1977) 77.

[34] F. Gliozzi, J. Scherk and D.I. Olive, Supersymmetry, supergravity theories and the dual spinor model, Nucl. Phys. B 122 (1977) 253.

– 16 –

[35] L. Brink, O. Lindgren and B.E.W. Nilsson, N=4 Yang-Mills theory on the light cone, Nucl.

Phys. B 212 (1983) 401;

S. Mandelstam, Light cone superspace and the ultraviolet finiteness of the N = 4 model, Nucl. Phys. B 213 (1983) 149;

D.M. Capper and D.R.T. Jones, N=1 supersymmetric Yang-Mills theory in the light cone gauge, Phys. Rev. D 31 (1985) 3295.

[36] A.I. Onishchenko and V.N. Velizhanin, Anomalous dimensions of twist-2 conformal operators in supersymmetric wess-zumino model, hep-ph/0309222.

[37] A.V. Belitsky, S.E. Derkachov, G.P. Korchemsky and A.N. Manashov, Superconformal operators in N = 4 super-Yang-Mills theory, hep-th/0311104.

[38] A.P. Bukhvostov, L.N. Lipatov and N.P. Popov, Parton distribution functions in perturbation theory, Yad. Fiz. 20 (1974) 532.

– 17 –