arXiv:hep-ph/0207296 v3 26 Jul 2002

hep-ph/0207296

THE BFKL POMERON WITHIN PHYSICAL RENORMALIZATION SCHEMES AND SCALES^1

Victor S. Fadin^†, Victor T. Kim^‡, Lev N. Lipatov^‡ and Grigorii B. Pivovarov^§

† Budker Institute for Nuclear Physics, Novosibirsk 630090, Russia ‡ St. Petersburg Nuclear Physics Institute, Gatchina 188300, Russia § Institute for Nuclear Research, Moscow 117312, Russia

A b s t r a c t

In this lecture the next-to-leading order (NLO) corrections to the QCD Pomeron intercept obtained from the Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation are discussed. It is shown that the BFKL Pomeron intercept when evaluated in non-Abelian physical renormalization schemes with Brodsky-Lepage-Mackenzie (BLM) optimal scale setting does not exhibit the serious problems encountered in the modified minimal subtraction (MS) scheme. The results obtained provide an opportunity for applications of the NLO BFKL resummation to high-energy phenomenology. One of such applications for virtual gamma-gamma total cross section shows a good agreement with preliminary data at CERN LEP.

1Proc. XXXV PNPI Winter School, Repino, St.Petersburg, Russia, 19–25 February, 2001, eds: V. A. Gordeev et al., pp. 259-278 (St.Petersburg, 2001)

1 Motivation

The discovery of rapidly increasing structure functions in deep inelastic scattering (DIS) at HERA [1] at small-x is in agreement with the expectations of the QCD high-energy limit. The Balitsky-Fadin-Kuraev-Lipatov (BFKL) [2, 3] resummation of energy logarithms is anticipated to be an important tool for exploring this limit. The leading order (LO) BFKL calculations [2] predict a steep rise of QCD cross sections. Namely, the highest eigenvalue, ω^{max}, of the BFKL equation [2] is related to the intercept of the Pomeron which in turn governs the high-energy asymptotics of the cross sections: σ ∼ s^{αIP −1} = s^{ωmax} . The BFKL Pomeron intercept in the LO turns out to be rather large: α_{IP} − 1 = ω^{max}_L = 12 ln 2 (α_S /π) ≃ 0.55 for α_S = 0.2; hence, it is very important to know the next-to- leading order (NLO) corrections. In addition, the LO BFKL calculations have restricted phenomenological applications because, e.g., the running of the QCD coupling constant α_S is not included and the kinematic range of validity of LO BFKL is not known.

Recently the NLO corrections to the BFKL resummation of energy logarithms were calculated; see Refs. [4, 5] and references therein. The NLO corrections [4, 5] to the highest eigenvalue of the BFKL equation turn out to be negative and even larger than the LO contribution for α_S > 0.157. At such circumstances the phenomenological significance of the NLO BFKL calculations seems to be rather obscure.

However, one should stress that the NLO calculations, as any finite-order perturbative results, contain both renormalization scheme and renormalization scale ambiguities. The NLO BFKL calculations [4, 5] were performed by employing the modified minimal subtraction scheme (MS) [6] to regulate the ultraviolet divergences with arbitrary scale setting.

In this work we consider the NLO BFKL resummation of energy logarithms [4, 5] in physical renormalization schemes in order to study the renormalization scheme dependence. To resolve the renormalization scale ambiguity we utilize Brodsky-Lepage-Mackenzie (BLM) optimal scale setting [7]. We show that the reliability of QCD predictions for the intercept of the BFKL Pomeron at NLO when evaluated using BLM scale setting within non-Abelian physical schemes, such as the momentum space subtraction (MOM) scheme [8, 9] or the Υ-scheme based on Υ → ggg decay, is significantly improved as compared to the MSscheme. This provides a basis for applications of NLO BFKL resummation to high-energy phenomenology. Certain aspects of this work were presented in Ref. [10].

2 BFKL in Physical Renormalization Schemes

We begin with the representation of the MS- result of NLO BFKL [4, 5] in physical renormalization schemes. Although the MS-scheme is somewhat artificial and it lacks a clear physical picture, it can serve as a convenient intermediate renormalization scheme. The eigenvalue of the NLO BFKL equation at transferred momentum squared t = 0 in the MS-scheme [4, 5] can be represented as the action of the NLO BFKL kernel (averaged over azimuthal angle) on the LO eigenfunctions (Q^2/Q^2_1)^{−1/2+iν} [4]:

ω_{M S} (Q^2_1, ν) = ∫ d^2Q_2 K_{M S} ( ⃗Q_1, ⃗Q_2) ( Q^2 Q^2_1

)_− 1_{2 +iν} = = N_C χ_L(ν) α_{M S} (Q^2_1) π [ 1 + r_{M S} (ν) α_{M S}(Q^2_1) π ] , (1)

where χ_L(ν) = 2ψ(1) − ψ(1/2 + iν) − ψ(1/2 − iν) is the function related with the LO eigenvalue, ψ = Γ^′/Γ denotes the Euler ψ- function, the ν-variable is a conformal weight parameter [11], N_C is the number of colors, and Q_{1,2} are the virtualities of the reggeized gluons.

The calculations of Refs. [4, 5] allow us to decompose the NLO coefficient r_{M S} of Eq. (1) into β-dependent and the conformal (β-independent) parts:

r_{M S} (ν) = r^β_{M S} (ν) + r^{conf}_{M S} (ν) , (2)

where r^β_{M S} (ν) = − β_0 4 [ 1 2 χ_L(ν) − 5 3 ] (3) and r^{conf}_{M S} (ν) = − N_C 4χ_L(ν) [ π^2 sinh(πν) 2ν cosh^2(πν) ( 3 + ( 1 + N_F N^3_C ) 11 + 12ν^2 16(1 + ν^2) ) − χ^{′′}_L(ν) + π^2 − 4 3 χ_L(ν) − π^3 cosh(πν)

− 6ζ(3) + 4φ(ν) ] (4) with

φ(ν) = 2

∫_1 0 dx cos(ν ln(x)) (1 + x) √ x [ π^2 6 − Li_2(x) ] , Li_2(x) = − ∫_x 0 dt ln(1 − t) t . (5)

Here β_0 = (11/3)N_C − (2/3)N_F is the leading coefficient of the QCD β-function, N_F is the number of flavors, ζ(n) stands for the Riemann zeta-function, Li_2(x) is the Euler dilogarithm (Spence-function). In Eq. (4) N_F denotes flavor number of the Abelian part of the gg → qq process contribution. The Abelian part is not associated with the running of the coupling [12] and is consistent with the correspondent QED result for the γ^∗γ^∗ → e^+e^− cross section [13].

The β-dependent NLO coefficient r^β_{M S} (ν), which is related to the running of the coupling, receives contributions from the gluon reggeization diagrams, from the virtual part of the onegluon emission, from the real two-gluon emission, and from the non-Abelian part [12] of the gg → qq process. There is an omitted term in r^β_{M S} (ν) proportional to χ^′_L(ν) which originates from the asymmetric treatment of Q_1 and Q_2, it can be removed by the redefinition of the LO eigenfunctions [4].

The NLO BFKL Pomeron intercept then reads for N_C = 3 [4]:

α^{M S}_{IP} − 1 = ω_{M S} (Q^2, 0) = 12 ln 2 α_{M S} (Q^2) π [ 1 + r_{M S} (0) α_{M S} (Q^2) π ] , (6)

r_{M S} (0) ≃ −20.12 − 0.1020N_F + 0.06692β_0 , (7) r_{M S}(0)_{|NF =4} ≃ −19.99 .

Physical renormalization schemes provide small and physically meaningful perturbative coefficients by incorporating large corrections into the definition of the coupling constant. One of the most popular physical schemes is MOM-scheme [8, 9], based on renormalization of the triple-gluon vertex at some symmetric off-shell momentum. However, in the MOMscheme the coupling constant is gauge-dependent already in the LO, and there are rather cumbersome technical difficulties. These difficulties can be avoided by performing calculations in the intermediate MS-scheme, and then by making the transition to some physical scheme by a finite renormalization [8]. In order to eliminate the dependence on the gauge choice and other theoretical conventions, one can consider renormalization schemes based on physical processes [7], e.g., V-scheme based on heavy quark potential. Alternatively, one can introduce a physical scheme based on the Υ → ggg decay using the NLO calculations of Ref. [14].

A finite renormalization due to the change of scheme can be accomplished by a transformation of the QCD coupling [8]: α_S → α_S [ 1 + T α_S π ] , (8)

where T is some function of N_C , N_F and, for the MOM- scheme, of a gauge parameter ξ. Then the NLO BFKL eigenvalue in the MOM-scheme can be represented as follows:

ω_{M OM} (Q^2, ν) = N_C χ_L(ν) α_{M OM} (Q^2) π [ 1 + r_{M OM} (ν) α_{M OM} (Q^2) π ] , (9) r_{M OM} (ν) = r_{M S}(ν) + T_{M OM} . For the transition from the MS-scheme to the MOM-scheme the corresponding T-function has the following form [8]: T_{M OM} = T^{conf}_{M OM} + T^β_{M OM} , (10) T^{conf}_{M OM} = N_C 8 [ 17 2 I + ξ 3 2 (I − 1) + ξ^2(1 − 1 3 I) − ξ^3 1 6 ] , T^β_{M OM} = − β_0 2 [ 1 + 2 3 I ] , where I = −2

∫_1

0 dx ln(x)/[x^2 − x + 1] ≃ 2.3439.

Likewise, one can obtain for the V-scheme [7]:

T_V = 2 3 N_C − 5 12 β_0 , (11)

Table 1: Scheme-transition function and the NLO BFKL coefficient in physical schemes

Scheme T = T^{conf} + T^β r(0) = r^{conf} (0) + r^β (0) r(0) (N_F = 4) M ξ = 0 7.471 − 1.281β_0 −12.64 − 0.1020N_F − 1.214β_0 -22.76 O ξ = 1 8.247 − 1.281β_0 −11.87 − 0.1020N_F − 1.214β_0 -21.99 M ξ = 3 8.790 − 1.281β_0 −11.33 − 0.1020N_F − 1.214β_0 -21.44 V 2 − 0.4167β_0 −18.12 − 0.1020N_F − 0.3497β_0 -21.44 Υ 6.47 − 0.923β_0 −13.6 − 0.102N_F − 0.856β_0 -21.7

and, by the use of the results of Ref. [14], for the Υ- scheme:

T_Υ =

6.47 3 N_C − 2.77 3 β_0 . (12)

One can see from Table 1 that there is no a strong renormalization scheme dependence, though the problem of a large NLO BFKL coefficient remains. A large size of the perturbative corrections leads to a significant renormalization scale ambiguity.

3 Optimal Renormalization Scale Setting

The renormalization scale ambiguity problem can be resolved if one can optimize the choice of scales and renormalization schemes according to some sensible criteria. In the BLM optimal scale setting [7], the renormalization scales are chosen such that all vacuum polarization effects from the QCD β-function are resummed into the running couplings. The coefficients of the perturbative series are thus identical to the perturbative coefficients of the corresponding conformally invariant theory with β = 0. The BLM approach has an important advantage of resumming the large and strongly divergent terms in the perturbative QCD series which grow as n![α_Sβ_0]^n, i.e., the infrared renormalons associated with coupling constant renormalization. The renormalization scales in the BLM approach are physical in the sense that they reflect the mean virtuality of the gluon propagators [7].

The BLM scale setting [7] can be applied within any appropriate physical scheme. In the present case one can show that within the V-scheme (or the MS-scheme) the BLM procedure does not change significantly the value of the NLO coefficient r(ν). This can be understood since the V-scheme as well as MS-scheme are primarily adjusted to the case when, in the LO, there are dominant QED (Abelian) type contributions, whereas, in the BFKL case, the LO gluon-gluon (non-Abelian) interactions are important.

Therefore, from the point of view of BLM scale setting, one can separate QCD processes into two classes specifying whether gluons are involved into the LO or not. Thus one can expect that in the BFKL case it is appropriate to use a physical scheme which is adjusted to

Table 2: The NLO- BFKL-Pomeron intercept in the BLM scale setting within non-Abelian physical schemes

Scheme r_{BLM} (0) α^{BLM}_{IP} − 1 = ω_{BLM} (Q^2, 0) (N_F = 4) Q^2 = 1 GeV^2 Q^2 = 15 GeV^2 Q^2 = 100 GeV^2 M ξ = 0 -13.05 0.134 0.155 0.157 O ξ = 1 -12.28 0.152 0.167 0.166 M ξ = 3 -11.74 0.165 0.175 0.173 Υ -14.01 0.133 0.146 0.146

non-Abelian interactions in the LO. One can choose the MOM- scheme based on the symmetric triple-gluon vertex [8, 9] or the Υ-scheme based on Υ → ggg decay. The importance of taking into account this circumstance for vacuum polarization effects can be seen from the “incorrect” sign of the β_0-term for r_{M S} in the unphysical MS-scheme (Eq. (7)).

Adopting BLM scale setting, the NLO BFKL eigenvalue in the MOM-scheme is ω^{M OM} BLM (Q^2, ν) = N_C χ_L(ν) α_{M OM} (Q^{M OM 2}_{BLM} ) π [ 1 + r^{M OM}_{BLM} (ν) α_{M OM} (Q^{M OM 2}_{BLM} ) π ] , (13) r^{M OM} BLM (ν) = r^{conf}_{M OM} (ν) . (14) The β-dependent part of the r_{M OM} (ν) defines the corresponding BLM optimal scale Q^{M OM 2} BLM (ν) = Q^2 exp [ − 4r^β_{M OM} (ν) β_0 ] = Q^2 exp [ 1 2 χ_L(ν) − 5 3 + 2 ( 1 + 2 3 I )] . (15)

Taking into account the fact that χ_L(ν) → −2 ln(ν) at ν → ∞, one obtains at large ν Q^{M OM 2} BLM (ν) = Q^2 1 ν exp [ 2 ( 1 + 2 3 I ) − 5 3 ] . (16)

At ν = 0 we have Q^{M OM 2}_{BLM} (0) = Q^2(4 exp[2(1 + 2I/3) − 5/3]) ≃ Q^2 127. Note that Q^{M OM 2} BLM (ν) contains a large factor, exp[−4T^β_{M OM} /β_0] = exp[2(1+2I/3)] ≃ 168, which reflects a large kinematic difference between MOM- and MS- schemes [15, 7], even in an Abelian theory.

Analogously, one can implement the BLM scale setting in the Υ-scheme (Table 2). Figures 1 and 2 give the results for the eigenvalue of the NLO BFKL kernel. We have used the QCD parameter Λ = 0.1 GeV which corresponds to α_S = 4π/[β_0 ln(Q^2/Λ^2)] ≃ 0.2 at Q^2 = 15 GeV^2. Also, the generalizations [16, 17, 18] of the β -function in the running coupling and of flavor number for continuous treatment of quark thresholds have been used.

One can see from Fig. 1, that the maximum which occurs at non-zero ν is not as pronounced in the BLM approach compared to the MS-scheme, thus it does not serve as a good saddle point at high energies.

Figure 1: ν-dependence of the NLO BFKL eigenvalue at Q^2 = 15 GeV^2: BLM (in MOMscheme) – solid, MOM-scheme (Yennie gauge: ξ = 3) – dashed, MS-scheme – dotted. LO BFKL (α_S = 0.2) – dash-dotted.

One of the striking features of this analysis is that the NLO value for the intercept of the BFKL Pomeron, improved by the BLM procedure, has a very weak dependence on the gluon virtuality Q^2. This agrees with the conventional Regge theory where one expects a universal intercept of the Pomeron without any Q^2-dependence. The minor Q^2-dependence obtained, on one side, provides near insensitivity of the results versus precise value of Λ, and, on the other side, leads to the approximate scale and conformal invariance. Thus one may use conformal symmetry [11, 19, 20] for the continuation of the present results to the case t ≠ 0.

Therefore, by applying the BLM scale setting within non-Abelian physical schemes (MOM- and Υ- schemes), we do not face the serious problems [21, 22, 23] which were present in the MS-scheme, e.g., oscillatory cross section disbehavior based on the saddle point approximation [21], and a somewhat puzzling analytic structure [22] of the MS-scheme result [4, 5].

Since the BFKL equation can be interpreted as a “quantization” of the renormalization group equation [19], it follows that the effective scale should depend on the BFKL eigenvalue ω, associated with the Lorentz spin, rather than on ν. Thus, strictly speaking, one can use the above effective scales as function of ν only in “quasi-classical” approximation at large Q^2. However, the present remarkable Q^2-stabilty leads us to expect that the results obtained with LO eigenfunctions may not change considerably for t ≠ 0 due to the approximate conformal

Figure 2: Q^2-dependence of the BFKL Pomeron intercept in the NLO. The notation is as in Fig. 1.

invariance.

4 Other Approaches to Perturbation Theory Optimization

Now we consider briefly the NLO BFKL within other approaches to the optimization of perturbative theory, namely, fast apparent convergence (FAC) [24] and the principle of minimal sensitivity (PMS) [25].

By the use of the FAC [24], one can obtain

ω_{F AC} (Q^2, ν) = N_C χ_L(ν) α_S (Q^2_{F AC} (ν)) π , (17)

Q^2_{F AC} (ν) = Q^2 exp [ − 4 β_0 r(ν) ] . (18)

In the MS-scheme at ν = 0, ω_{F AC} = 0.33 − 0.26 for Q^2 = 1 − 100 GeV^2. However, the NLO coefficient r(ν) and hence FAC effective scale, each have a singularity at ν_0 ≃ 0.6375 due to a zero of the χ_L(ν)-function.

In the PMS approach [25] the NLO BFKL eigenvalue reads as follows

ω_{P M S} (Q^2, ν) = N_C χ_L(ν) α_{P M S} (Q^2(ν)) π [ 1 + (C/2)α_{P M S} /π 1 + Cα_{P M S}/π ] , (19)

where the PMS effective coupling α_{P M S} is a solution of the following transcendental equation π α_{P M S} + C ln ( Cα_{P M S}/π 1 + Cα_{P M S}/π ) + C/2 1 + Cα_{P M S}/π = β_0 4 ln ( Q^2 Λ^2 ) − r(ν), (20) with C = β_1/(4β_0) and β_1 = 102 − 38N_F /3. At ν = 0 one obtains in the MS-scheme ω_{P M S} = 0.23 − 0.20 for Q^2 = 1 − 100 GeV^2 but, by the same reason as in the FAC case, the PMS effective coupling has a singularity at ν_0. Thus, the application of the FAC and PMS scale setting approaches to the BFKL eigenvalue problem leads to difficulties with the conformal weight dependence, which is an essential ingredient of the BFKL calculations. The unphysical behavior of the FAC and PMS effective scales for jet production processes has been noted in Refs. [26].

The problem can be resolved by the expansion of χ_L(ν)-function near its zero to avoid unphysical behavior of the optimization procedure.

5 Application for Gamma-Gamma Scattering

The gamma-gamma total cross section calculated with the resummation of the leading energy logarithms was considered in [3, 27, 28].

The total cross section of two unpolarized gammas with virtualities Q_A and Q_B in the LO BFKL [27, 3] reads as follows:

σ(s, Q^2_A, Q^2_B) = ∑ i,k=T,L 1 πQ_AQ_B ∞∫ 0 dν 2π cos ( ν ln ( Q^2_A Q^2_B )) F_i(ν)F_k(−ν) ( s s_0 )_{ω(Q}2_{,ν)} , (21)

with the gamma impact factors in the LO for the transverse and longitudinal polarizations:

F_T (ν) = α_{QED} α_S ( ∑ q e^2_q ) π 2 [_3 2 − iν ][_3 2 + iν ] Γ ( 1 2 − iν )_2 Γ ( 1 2 + iν )_2

Γ(2 − iν)Γ(2 + iν)

, (22)

F_L(ν) = α_{QED} α_S ( ∑ q e^2_q ) π Γ (_3 2 − iν ) Γ (_3 2 + iν ) Γ (_1 2 − iν ) Γ (_1 2 + iν ) Γ(2 − iν)Γ(2 + iν)

, (23)

where Regge scale parameter s_0 is proportional to a hard scale Q^2 ∼ Q^2_A, Q^2_B, Γ being the Euler Γ-function, and e_q is the quark electric charge.

In the NLO BFKL case one should obtain the formula analogous to LO BFKL (Eq. 21). It has been demonstrated in Ref. [29] that the infrared singularities at the NLO are cancelled out for impact factors of colorless particles. Therefore, in the NLO both the kernel of the BFKL equation and impact factors are infrared safe which confirm a self-consistence of such factorization scheme.

While exact NLO impact factors of gamma are not known yet [30] one can use the LO impact factors of Eqs. (22-23) [13, 3, 27] implying that the main NLO corrections come from the NLO BFKL subprocess rather than from the impact factors [31, 32]. Thus, in the NLO BFKL one can have Eq. (21) but with ω(Q^2, ν) taken in the NLO. To imply the BLM procedure to the total cross section one can see that one can imply the BLM procedure directly to the NLO BFKL eigenvalue ω(Q^2, ν) within the accuracy up to the next-to-next-to-leading order (NNLO) and higher subleading terms.

Figure 3: The NLO BFKL Pomeron vs preliminary L3 data on virtual gamma-gamma cross section (with subtracted quark-box contribution) at energy 91 GeV of the e^+e^− collisions. Solid curves: NLO BFKL in BLM; dashed: LO BFKL, and dotted: LO contribution. Two different choices of the Regge scale: s_0 = Q^2/2 and s_0 = 2Q^2.

For numerical calculations the NLO BFKL eigenvalue ω(Q^2, ν) in the MOM-scheme (Yennie gauge: ξ = 3) has been used.

In Figs. 3 – 5 the comparison of BFKL predictions in the LO and NLO BFKL [31, 32] improved by the BLM procedure with L3 Collaboration data [33, 34] from CERN LEP is shown. Different curves reflect uncertainty with the choice of the Regge scale parameter which indicates when the asymptotic regime starts. At infinite collision energies, the cross sections do not depend on this scale parameter s_0. For present calculations, two variants have been choosen s_0 = Q^2/2 and s_0 = 2Q^2, where for symmetric virtuality case Q^2 = Q^2_A = Q^2_B. One can see from Figs. 3 – 5 that the LO BFKL predictions overestimate the L3 data, while the agreement of the NLO BFKL improved by the BLM procedure is reasonably well, especially at higher energies of LEP2 √ s_e+_e− = 183 – 189 GeV (Figs. 4, 5). One can notice also that sensitivity of the NLO BFKL results with respect to the Regge parameter s_0 is much smaller than in the case of the LO BFKL. Recent OPAL Collaboration data [35] are also in a good agreement with the NLO BFKL predictions.

Figure 4: The same as Fig. 3, but for energy 183 GeV of e^+e^− collisions.

Figure 5: The same as Figs. 3,4, but for energy 189 GeV of e^+e^− collisions.

The gamma-gamma scattering is attractive from viewpoint that it is theoretically more controllable rather than hadron-hadron and lepton-hadron collisions where non-perturbative hadronic structure functions are involved. In addition, in the gamma-gamma scattering the unitarization (screening) corrections due to multiple Pomeron exchange would be less important than in hadron collisions. It was shown in Refs. [36] that the unitarization corrections in hadron collisions can lead to higher value of the (bare) Pomeron intercept than the effective intercept value. Since the hadronic data fit yields about 1.1 for the effective intercept value [37, 38], then the bare Pomeron intercept value should be above this value. So that, in case of small unitarization corrections in the gamma- gamma scattering at large Q^2 one can accomodate the NLO BFKL Pomeron intercept value 1.13-1.18 along with larger unitarization corrections in hadronic scattering [36], where it can lead to a smaller effective Pomeron intercept value about 1.1 for hadronic collisions.

6 Summary

There have been a number of recent papers which analyze the NLO BFKL predictions in terms of rapidity correlations [39, 40], t-channel unitarity [41], angle-ordering [42], double transverse momentum logarithms [43, 44, 45, 46] and BLM scale setting for deep inelastic structure functions [47]. This requires a further study to find relations between such approaches.

To summarize, we have shown that the NLO corrections to the BFKL equation for the QCD Pomeron become controllable and meaningful provided one uses physical renormalization schemes relevant to non-Abelian gauge theory. BLM optimal scale setting automatically sets the appropriate physical renormalization scale by absorbing the non-conformal β-dependent coefficients. The strong renormalization scale dependence of the NLO corrections to BFKL resummation then largely disappears. This is in contrast to the unstable NLO results obtained in the conventional MS- scheme with arbitrary choice of renormalization scale. A striking feature of the NLO BFKL Pomeron intercept in the BLM approach is its very weak Q^2-dependence, which provides approximate conformal invariance. The NLO BFKL application to the total gamma-gamma cross section shows a good agreement with the preliminary L3 data at the CERN LEP2 energies. The results presented here open new windows for applications of NLO BFKL resummation to the high-energy phenomenology.

Acknowledgements. We would like to thank S. J. Brodsky for fruitful collaboration and L. G. Dakhno, J. R. Ellis, A. B. Kaidalov, A. L. Kataev, V. A. Khoze, A. V. Kotikov, E. A. Kuraev and J. P. Vary for helpful conversations. We thank V. P. Andreev, A. De Roeck, M. N. Kienzle-Focacci, C.-N. Lin, V. A. Schegelsky, A. A. Vorobyov and M. Wadhwa for useful discussions concerning the CERN LEP data. This work was supported in part by the Russian Foundation for Basic Research (RFBR), the INTAS foundation, and the U. S. National Science Foundation.

Note added at Proof. After presentation of this lecture, the OPAL and L3 Collaborations at the CERN LEP accumulated statistics at higher energies and finalized their data [48]. The final OPAL and L3 data [48], although presented in a different way, show even better agreement [49] with our earlier predictions [31, 32].

References

[1] H1 Collaboration, S. Aid et al., Nucl. Phys. B470 (1996) 3;

ZEUS Collaboration, M. Derrick et al., Zeit. Phys. C69 (1996) 607. [2] V.S. Fadin, E.A. Kuraev and L.N. Lipatov, Phys. Lett. B60 (1975) 50;

L.N. Lipatov, Yad. Fiz. 23 (1976) 642 [Sov. J. Nucl. Phys. 23 (1976) 338]; E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Zh. Eksp. Teor. Fiz. 71 (1976) 840 [Sov. Phys. - JETP 44, 443 (1976)]; ibid. 72 (1977) 377 [45 (1977) 199].

[3] I.I. Balitsky and L.N. Lipatov, Yad. Fiz. 28 (1978) 1597 [Sov. J. Nucl. Phys. 28 (1978) 822];

I.I. Balitsky, L.N. Lipatov and V.S. Fadin, Proc. XIV Leningrad Nucl. Phys. Inst. Winter School, eds. Yu.N. Novikov, M.M. Makarov and A. N. Moskalev, pp. 109–149 (Leningrad, 1979) [in Russian].

[4] V.S. Fadin and L.N. Lipatov, Phys. Lett. B429 (1998) 127. [5] G. Camici and M. Ciafaloni, Phys. Lett. B430 (1998) 349.

[6] W.A. Bardeen, A.J. Buras, D.W. Duke, and T. Muta, Phys. Rev. D18 (1978) 3998. [7] S.J. Brodsky, G.P. Lepage, and P.B. Mackenzie, Phys. Rev. D28 (1983) 228. [8] W. Celmaster and R.J. Gonsalves, Phys. Rev. D20 (1979) 1420; Phys. Rev. Lett. 42 (1979) 1435.

[9] P. Pascual and R. Tarrach, Nucl. Phys. B174 (1980) 123; (E) B181 (1981) 546. [10] S.J. Brodsky, V.S. Fadin, V.T. Kim, L.N. Lipatov, and G.B. Pivovarov, Pis’ma ZhETF 70 (1999) 161 [JETP Lett. 70 (1999) 155].

[11] L.N. Lipatov, Phys. Rept. C286 (1997) 131. [12] S.J. Brodsky and P. Huet, Phys. Lett. B417 (1998) 145.

[13] V.N. Gribov, L.N. Lipatov, and G.V. Frolov, Phys. Lett. 31B (1970) 34; Yad. Fiz. 12 (1970) 994 [Sov. J. Nucl. Phys. 12 (1971) 543]; H. Cheng and T. T. Wu, Phys. Rev. D1 (1970) 2775.

[14] P.B. Mackenzie, and G.P. Lepage, Phys. Rev. Lett. 47 (1981) 1244. [15] W. Celmaster and P.M. Stevenson, Phys. Lett. B125, (1983) 493. [16] S.J. Brodsky, M.S. Gill, M. Melles, and J. Rathsman, Phys. Rev. D58 (1998) 116006. [17] D.V. Shirkov, Teor. Mat. Fiz. 98 (1992) 500 [Theor. Math. Phys. 93 (1992) 1403];

D.V. Shirkov and S.V. Mikhailov, Zeit. Phys. C63 (1994) 463.

[18] S.J. Brodsky, G.T. Gabadadze, A.L. Kataev and J. Lu, Phys. Lett. B372 (1996) 133.

[19] L.N. Lipatov, Zh. Eksp. Teor. Fiz. 90 (1986) 1536 [Sov. Phys. - JETP 63 (1986) 904]; in Perturbative Quantum Chromodynamics, ed. A.H. Mueller (World Scientific, Singapore, 1989) p. 411;

R. Kirschner and L. Lipatov, Zeit. Phys. C45 (1990) 477.

[20] A.V. Kotikov and L.N. Lipatov, Nucl. Phys. B582 (2000) 19.

[21] D.A. Ross, Phys. Lett. B431 (1998) 161.

[22] Yu.V. Kovchegov and A.H. Mueller, Phys. Lett. B439 (1998) 428;

E.M. Levin, Nucl. Phys. B545 (1999) 481;

N. Armesto, J. Bartels, and M.A. Braun, Phys. Lett. B442 (1998) 459.

[23] J. Blümlein, V. Ravindran, W. L. van Neerven, and A. Vogt, DESY, Hamburg, Report No. DESY 98-036 (1998); hep- ph/9806368;

R. D. Ball and S. Forte, Univ. of Edinburgh, Report No. 98-6, 1998; hep-ph/9805315.

[24] G. Grunberg, Phys. Lett. B95 (1980) 70; ibid. B114 (1982) 271; Phys. Rev. D29 (1984) 2315.

[25] P.M. Stevenson, Phys. Lett. 100B (1981) 61; Phys. Rev. D23 (1981) 2916.

[26] G. Kramer and B. Lampe, Zeit. Phys. A339 (1991) 189;

G. Ingelman and J. Rathsman, Zeit. Phys. C63 (1994) 589.

[27] S.J. Brodsky, F. Hautmann, D.A. Soper, Phys. Rev. D56 (1997) 6957; Phys. Rev. Lett.

78 (1997) 803; (E) 79 (1997) 3544.

[28] J. Bartels, A. De Roeck, and H. Lotter, Phys. Lett. B389 (1996) 742;

J. Bartels, A. De Roeck, C. Ewerz, and H. Lotter, ECFA/DESY Study on Physics and Detectors for a Linear Collider, ed. R. Settles (DESY, 1997);

A. Białas, W. Czyż, and W. Florkowski, Eur. Phys. J. C2 (1998) 683; M. Boonekamp, A. De Roeck, C. Royon, and S. Wallon, Nucl. Phys. B555 (1999) 540; J. Kwieciński and L. Motyka, Acta Phys. Pol. B30 (1999) 1817; Eur. Phys. J. C18 343 (2000);

J. Bartels, C. Ewerz and R. Staritzbichler, Phys. Lett. B492 (2000) 56.

[29] V.S. Fadin and A.D. Martin, Phys. Rev. D60 (1999) 114008.

[30] V. Fadin, D. Ivanov, and M. Kotsky, Proc. Crimean Summer School-Seminar on New Trends in High- Energy Physics (Crimea 2000), Crimean, Ukraine, May 27–4 June, 2000, pp.190–194, hep-ph/0007119; BUDKER-INP-2001-33, DFCAL-TH- 01-2 (2001), hep-ph/0106099;

J. Bartels, S. Gieseke, and C.F. Qiao, Phys. Rev. D63 (2001) 056014.

[31] V.T. Kim, L.N. Lipatov and G.B. Pivovarov, Proc. Inter. Conference and 8th Blois Workshop on Elastic and Diffractive Scattering (EDS 99), Protvino, Russia, June 27 - July 2, 1999, hep-ph/9911228.

[32] V.T. Kim, L.N. Lipatov and G.B. Pivovarov, Proc. 29th International Symposium on Multiparticle Dynamics (ISMD 99), Providence, Rhode Island, Aug. 9-13, 1999, pp. 79-85, hep-ph/9911242.

[33] L3 Coll., M. Acciari et al., Phys. Lett. B453 (1999) 333.

[34] L3 Coll., M. Acciari et al., Contributed paper to Inter. Europhys. Conf. on High Energy Phys., Tampere, Finland, July 15–21, 1999;

L3 Coll., presented by P. Achard at Inter. Conf. on Structure and Interactions of Photon (Photon’99), Freiburg, Germany, May 23-27, 1999, hep-ex/9907016.

[35] OPAL Coll., A. De Roeck, Proc. Inter. Workshop on Diffraction in High-energy and Nuclear Physics, Cetraro, Cosenza, Italy, Sept. 2-7, 2000, published in Nucl. Phys. Proc. Suppl. 99, pp. 144–147, 2001; hep-ph/0101076, A. De Roeck, Talk at Inter. Workshop on Structure and Interactions of the Photon and 13th Inter. Workshop on Photon-Photon Collisions, Ambleside, Lake District, England, Aug. 26–31, 2000, to appear in the Proc., hep-ph/0101075.

[36] A.B. Kaidalov, L.A. Ponomarev and K.A. Ter-Martirosyan, Yad. Fiz. 44 (1986) 722 [Sov. J. Nucl. Phys. 44 (1986) 468];

M.S. Dubovikov, B.Z. Kopeliovich, L.I. Lapidus and K.A. Ter-Martirosyan, Nucl. Phys. B123 (1977) 147;

B.Z. Kopeliovich and L.I. Lapidus, ZhETF 71 (1976) 61 [Sov. Phys. - JETP 44 (1976) 31].

[37] J.R. Cudell, V. Ezhela, K. Kang, S. Lugovsky and N. Tkachenko, Phys. Rev. D61 (2000) 034019.

[38] J.R. Cudell, K. Kang, and S.K. Kim, Phys. Lett. B395 (1997) 311;

J.R. Cudell, A. Donnachie, and P.V. Landshoff, Phys. Lett. B448 (1999) 281; A. Donnachie and P.V. Landshoff, Phys. Lett. B437, 408 (1998); M.M. Block, E.M. Gregores, F. Halzen, and G. Pancheri, Phys. Rev. D58 (1998) 017503; P. Gauron and B. Nicolescu, Phys. Lett. B486 (2000) 71.

[39] V.S. Fadin and L.N. Lipatov, Proc. of the Theory Institute on Deep Inelastic Diffraction, ANL, Argonne, September 14–16, 1998.

[40] C.R. Schmidt, Phys. Rev. D60 (1999) 074003;

J.R. Forshaw, D.A. Ross, and A. Sabio Vera, Phys. Lett. B455 (1999) 273.

[41] C. Coriano and A.R. White, Phys. Rev. Lett. 74 (1995) 4980.

[42] S. Catani, F. Fiorani, and G. Marchesini, Nucl. Phys. B336 (1990) 18;

M. Ciafaloni, Nucl. Phys. B296 (1988) 49.

[43] B. Andersson, G. Gustafson, and J. Samuelsson, Nucl. Phys. B467 (1996) 443;

B. Andersson, G. Gustafson, H. Kharraziha, and J. Samuelsson, Zeit. Phys. C71 (1996)

613;

B. Andersson, G. Gustafson, and H. Kharraziha, Phys. Rev. D57 (1998) 5543.

[44] G. Salam, JHEP 9807 (1998) 19.

[45] M. Ciafaloni, D. Colferai, and G.P. Salam, Phys. Rev. D60 (1999) 114036;

M. Ciafaloni and D. Colferai, Phys. Lett. B452 (1999) 372.

[46] G. Altarelli, R. D. Ball, and S. Forte, Nucl. Phys. B575 (2000) 313.

[47] R.S. Thorne, Phys. Rev. Phys. Rev. D60 (1999) 054031; ibid. D64 (2001) 074005.

[48] OPAL Coll., G. Abbiendi et al., CERN-EP/2001-064 (2001), hep-ex/0110006;

L3 Coll., P. Achard et al., CERN-EP/2001-075 (2001), hep-ex/0111012.

[49] S.J. Brodsky, V.S. Fadin, V.T. Kim, L.N. Lipatov and G.B. Pivovarov, SLAC-PUB- 9069, CERN-TH/2001-341 (2001), presented at 14th Int. Workshop on Photon-Photon Collisions (Photon 2001), Ascona, Switzerland, Sept. 2–7 2001, hep-ph/0111390, to appear in the Proc.; CERN-TH/2002-143, PNPI-2002-2484, SLAC-PUB-9318, hepph/0207297.