arXiv:hep-ph/0412082 v2 7 Dec 2004

QCD instantons in high energy diffractive scattering: Instanton model of Pomeron^∗

A.E. Dorokhov^{a†} , I.O. Cherednikov^{ab‡}

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

bDipartimento di Fisica, Università di Cagliari and INFN Sezione di Cagliari C.P. 170, I-09042 Monserrato (CA), Italy

The role of the QCD vacuum effects in high energy diffractive quark-quark and quark-antiquark scattering is studied with the Instanton Liquid Model. Special attention is given to the problem of formation of the soft Pomeron. We show that in the leading approximation in instanton density the C−odd instanton contribution to the diffractive amplitude is suppressed by 1/s compared to the C−even one.

Strong interaction processes in the Regge regime: s ≫ −t, i.e., collisions with large total center-of-mass energy and small momentum transfer, yield the main contribution to the hadronic cross sections at high energy. These processes are described successfully within the Regge phenomenology, with the Pomeron exchange being dominant in this regime [1]. The Pomeron is treated as an effective exchange in the t channel with vacuum quantum numbers and positive charge parity C = +1. Within perturbative QCD, the pioneer calculations of the Pomeron properties were performed in Refs. [2], which lead to the supercritical “hard” Pomeron violating the Froissart bound. Further, it was shown that the NLO corrections can change significantly this leading logarithmic approximation result [3]. From the other point of view, it is natural to expect that the QCD dynamics at large distances and the nontrivial structure of the QCD vacuum are relevant for such processes with small momentum transfer [4]. A fruitful approach is to

∗Talk given at the International Workshop DIFFRACTION-2004, Cala Gonone, Sardinia, Italy, 18-23 Sept 2004. Supported by RFBR (04-02-16445, 03- 02-17291, 02-02-16194), Russian Federation President’s Grant 1450-2003-2, and the Heisenberg-Landau Program. †Email: dorokhov@thsun1.jinr.ru ‡Email: igorch@thsun1.jinr.ru

try to reformulate the complicated QCD dynamics in terms of some effective theory which would be easier to solve in a given regime. The convenient effective degrees of freedom at high energy are the Wilson path-ordered exponentials evaluated along the straight-line trajectories of colliding particles [5–8].

In this work, we consider the high energy diffractive quark-quark scattering using the Instanton Liquid Model (ILM) of the QCD ground state [9–11] in order to take into account nonperturbative effects in formation of the soft Pomeron. A similar situation was first analysed in Refs. [12, 13] from a somewhat different point of view. The quark-quark scattering amplitude is expressed in terms of the vacuum average of the gauge invariant path-ordered Wilson exponential [5,6,14] T^{kl}_{mn}(s, t) = −2is ∫ d^2b_⊥e^{ib⊥q}W^{kl}_{mn}(χ, b^2_⊥) , (1)

where the Wilson integral W^{kl}_{mn} reads

W^{kl}_{mn}(χ, b^2_⊥) = ⟨ Pe^{ig} ∫ Cqq dx_μÂ_μ(x) ⟩ 0 | | | | | kl

mn . (2)

In Eq. (2), the corresponding integration path goes along the closed contour C_{qq} : two infinite lines separated by the transverse distance b_⊥ and 1 having relative scattering angle χ. We parameterize the integration path as C_χ = {z_μ(λ); λ = [−∞, ∞]} where z_μ(λ) = v_1λ , −∞ < λ < ∞, and z_μ(λ) = v_2λ + b , −∞ < λ < ∞. with (v_1v_2) = cosh χ and b = (0_‖, b_⊥) being the impact parameter in the transversal plane. To calculate the amplitude (1) in the instanton background, we use the explicit expression for the instanton field

Â_μ(x; ρ) = 1 g_s

R^{ab}σ^aη^{±b}_{μν} (x − z_0)_ν φ(x − z_0; ρ).(3)

The averaging ⟨...⟩_0 over the nonperturbative vacuum consists in integration over the coordinate of the instanton center z_0, the color orientation

R^{ab} and the instanton size ρ: dI = dR d^4z_0 dn_ρ,

where the instanton size distribution dn_ρ is chosen according to ILM as [9] dn_ρ = n_cδ(ρ − ρ_c)dρ, n_c ≈ 1fm^{−4}, ρ_c ≈ 1/3fm. Evaluating the pathordered exponential Eq. (2) and averaging over all possible embeddings of SU_c(2) into SU_c(3) by using the relations from Ref. [15] we get (for further technical details, see Ref. [16]) W^{kl}_{mn}(γ, b^2) = n_c { 4 9 δ_{kl}δ_{mn} w_c(γ, b^2) + 1 8 λ^a_{kl}λ^a_{mn} [ 1 3 w_c(γ, b^2) + w_s(γ, b^2) ] } , (4)

w_c(γ, b^2) = ∫ d^4z_0 (cos α_1 − 1) (cos α_2 − 1) , (5)

w_s(γ, b^2) = − ∫ d^4z_0(n̂^a_1n̂^a_2) sin α_1sin α_2 , (6)

where the color correlation factor is

n̂^a_1n̂^a_2 =

(v_1v_2)(z_0, z_0 − b) − (v_1z_0)(v_2z_0) s_1s_2

. (7)

The phases are defined as

α_1 = s_1 · ∫_∞ −∞ dλ φ [ (z_0 + v_1λ)^2; ρ ] , (8)

α_2 = s_2 · ∫_∞ −∞ dλ φ [ (z_0 − v_2λ − b)^2; ρ ] . (9)

with s^2_1 = z^2_0 − (v_1z_0); s^2 = (z_0 − b)^2 − (v_2z_0). Here γ is the scattering angle in Euclidean space, whereas in the final expressions one must make a transition back to Minkowski space-time (see below). By means of the proper change of variables, the energy dependence is trivially factorized

w_c(γ, b^2_⊥) → 1 sinγ w_c(π/2, b^2_⊥) , (10)

w_s(γ, b^2_⊥) → cotγ w_s(π/2, b^2_⊥) . (11)

The differential cross section of the quarkquark scattering is expressed through the amplitude (4) as dσ_{qq} dt ≈ 1 9 1 s^2 ∑ kl ∑ mn |T^{kl}_{mn}(s, t)|^2 . (12) Making analytical continuation to Minkowski space [17,18]: γ → −iχ, one finds dσ_{qq}(t) dt = 2 9 n^2_c [ coth^2χ F^2_s (t)+

+ 2 3 cothχ sinh χ

F_c(t)F_s(t) + 11 3 1 sinh^2 χ

F^2_c (t) ] , (13)

where F_{s,c}(t) = ∫ d^2be^ibqw_{s,c}(π/2, b^2) . (14)

In the asymptotic limit (sinh χ ∼ s , cothχ → 1) the result (13) coincides with the result of Ref. [12]:^{dσ}_{dt} ≈^2_9 n^2_cF^2_s (t) . In the weak field limit we reproduce the one-loop single instanton results (see Ref. [16]).

For the quark-antiquark scattering one can treat an antiquark with velocity v_2 as a quark moving backward in time with velocity −v_2. As a result, the scalar product of velocities changes its sign (v^q_1v^{q̄}_2) = −(v^q_1v^q_2) and the scattering angles are related as χ_{qq} → iπ − χ_{qq̄} . Then one gets dσ_{qq̄}(t) dt = 2 9 n^2_c [ coth^2χ F^2_s (t)− − 2 3 cothχ sinh χ

F_c(t)F_s(t) + 11 3 1 sinh^2 χ

F^2_c (t) ] . (15)

The second terms in Eqs. (13) and (15) correspond to the contribution of the C−odd amplitude.

The spin averaged total quark-quark cross section in the instanton–antiinstanton approximation reads σ_{qq} ≈ 2 9 n^2_c ∫_∞ 0 dq^2 [ F^2_s (q^2) + 4 3 m^2 s F_c(q^2)F_s(q^2) ] (16)

which is constant in the high energy limit. It is finite if the constrained instanton solution is used [19]. In Eq. (16), the only term corresponding to the C = +1 exchange, Pomeron, survives in the asymptotics, while the C = −1 contribution (second term in Eq. (16)) is suppressed by the small factor ∼ m^2/s. The leading C = −1 part of the scattering amplitude, odderon, will arise at higher orders in instanton density, which corresponds to diagrams like three nonperturbative gluon exchange. The growing part of the total cross section Δσ_{qq} ∼ (n_cρ^4_c )^2Δ(t) ln s can arise only if inelastic quark-quark scattering in the instanton-antiinstanton background is taken into account [12].

It is important to note that the original Wilson exponential, Eq. (2), has essentially Minkowskian light-cone geometry whereas the instanton calculations of Wilson loop are performed in the Euclidean QCD. The mapping from the Minkowski space to the Euclidean one is possible since the dependence of the Wilson integral on the total energy s and transverse momentum squared t is factorized in Eqs. (10), (11). At high energy, the amplitude is s−independent both in the perturbative and nonperturbative cases. At the same time, the t−dependence of the amplitude is naturally expressed through the nonperturbative instanton field.

The authors thank the Organizers of Diffraction’04 for warm hospitality and financial support during the Workshop. I.Ch. thanks also ICTP (Trieste) for invitation and support.

REFERENCES

1. A.B. Kaidalov, Phys. Usp. 46 (2003) 1121. 2. V.S. Fadin, E.A. Kuraev, L.N. Lipatov, Phys.

Lett. B60 (1975) 50; Zh. Eksp. Teor. Fiz. 71 (1976) 840; ibid. 72 (1977) 377; I.I. Balitsky, L.N. Lipatov, Yad. Fiz. 28 (1978) 1597.

3. L.N. Lipatov, V.S. Fadin, JETP Lett. 49 (1989) 352; Yad. Fiz. 50 (1989) 1141; Phys. Lett. B429 (1998) 127; Nucl. Phys. B477 (1996) 767 M. Ciafaloni, G. Camici, Phys. Lett. B430 (1998) 349.

4. F.E. Low, Phys. Rev. D12 (1975) 163; S.

Nussinov, Phys. Rev. Lett. 34 (1975) 1286; P.V. Landshoff, O. Nachtmann, Z. Phys. C35 (1987) 405.

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

6. H. Verlinde, E. Verlinde, hep-th/9302104. 7. L.N. Lipatov, Nucl. Phys. B452 (1995) 369;

Phys. Rept. 286 (1997) 131; Phys. Usp. 47 (2004) 325.

8. I. Balitsky, Nucl. Phys. B463 (1996) 99; Phys. Rev. D60 (1999) 014020;

hep-ph/0101042; Phys. Lett. B518 (2001)

235; A. Babansky, I. Balitsky, Phys. Rev. D67 (2003) 054026.

9. E. Shuryak, Nucl. Phys. B203 (1982) 93, 116, 140; D. Diakonov, V. Petrov, ibid. B245 (1984) 259.

10. A.E. Dorokhov, Yu.A. Zubov, N.I. Kochelev, Sov. J. Part. Nucl. 23 (1992) 522.

11. T. Schäfer, E.V. Shuryak, Rev. Mod. Phys.

70 (1998) 323.

12. E. Shuryak, et al. Phys. Rev. D62 (2000) 085014; ibid. D64 (2001) 034008. ibid. D65 (2002) 074034.

13. D.E. Kharzeev, Y.V. Kovchegov, E. Levin, Nucl. Phys. A690 (2001) 621; F. Schrempp, A. Utermann, Phys. Lett. B543 (2002) 197.

14. G. Korchemsky, Phys. Lett. B325 (1994) 459. 15. M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Nucl. Phys. B163 (1980) 46.

16. A.E. Dorokhov, I.O. Cherednikov,

hep-ph/0404040.

17. G.P. Korchemsky, A.V. Radyushkin, Yad.

Fiz. 45 (1987) 1466; Nucl. Phys. B283 (1987) 342.

18. E. Meggiolaro, Z. Phys. C76 (1997) 523; Eur.

Phys. J. C4 (1998) 101; Phys. Rev. D53 (1996) 3835.

19. A.E. Dorokhov, S.V. Esaibegyan, A. E. Maximov, S.V. Mikhailov, Eur. Phys. J. C13 (2000) 331.