arXiv:hep-ph/0111174 v1 14 Nov 2001

Perturbative QCD Odderon and Diffractive η_c Production

G. P. Vacca^b

II. Institut für Theoretische Physik, Universität Hamburg, Luruper Chaussee 149, D-22761 Hamburg, Germany bE-mail: vacca@bo.infn.it

Abstract

The Odderon state in perturbative QCD is briefly reviewed. Recent calculations devoted to estimate the diffrative η_c production at high energies from the leading known Odderon states are discussed.

Key words:

PACS: 12.38.cy, 11.55.Jy

1 Introduction

The Odderon [1] is the partner of the Pomeron, but odd under parity P and charge conjugation C (like the photon). In general it is related to the possibility that the real part of a scattering amplitude increases with energy as fast as the imaginary part. The general analytic properties of the scattering amplitudes at high energies are conveniently studied in the complex angular momentum plane j: in the even (under crossing) amplitude a singularity is associated to the Pomeron and gives a mostly imaginary contribution, while in the odd case one has a mostly real contribution which is associated to the Odderon. The position of the singularity, near j = 1, is also called intercept and it is related to the asymptotic behaviour of the cross section.

It is remarkable that QCD, the very successful theory for the strong interaction, predicts the existence of the Odderon. This is related to the fact that the internal gauge symmetry group of QCD has rank greater than one, and therefore allows to construct from three gluons a C-odd state which can be associated to the Odderon. Infact, on considering the SU(3)_C gauge group associated to the gluon field A_μ = ∑ a A^a_μt_a, and using the transformation property A_μ → −A^T_μ under charge conjugation, one can see that

Preprint submitted to Elsevier Science 14 November 2001 two possible independent invariants can be constructed by three gluon fields, T r([A_1, A_2]A_3) and T r({A_1, A_2}A_3), which are respectively even and odd under charge conjugation. Therefore the Odderon is related to the composite operator O_{αβγ} = d_{abc}A^a_αA^b_βA^c_γ.

The challenge to understand the QCD dynamics present in the scattering processes involving the Odderon quantum numbers is still open both on theoretical and experimental sides. Till now no evidence of the Odderon has been found showing that the cross sections involved are small. The experimental search can go in two directions. One can look at the comparison of the total and/or elastic cross sections for direct and cross-symmetric scattering processes, like for example in the case of pp and pp̄ scattering. Another class of scattering processes, where the Odderon contributes, is when one or two of the incoming scattering particles, of definite C-parity, goes into a state of opposite C-parity under scattering. A rapidity gap, which allows to separate the outgoing scattering states, is required. For example, one can look at the reaction

γ (γ^∗) + p → P S (T ) + p (X_p), (1)

where a photon scatters a proton and a pseudoscalar or a tensor meson is produced in the photon fragmentation region, well separated in rapidity from the proton or its debris (X_p). This process has been started to be analyzed at HERA [2]. Recent non perturbative studies [3], based on some specific dynamical QCD assumptions, and carried on for the production of light mesons (π^0, f_2), have been clearly excluded by the recent analysis at HERA from the H1 collaboration [4], where in both cases a much lower limit to the cross section has been posed.

On the other hand perturbative analysis have been performed in the study of η_c production in DIS with an Odderon made by three simply uncorrelated gluons [5,6] and later by considering the resummed QCD interaction in LLA [7], where leading gluon correlation phenomena are taken into account. This analysis will be shortly reviewed here.

2 Perturbative QCD Odderon in LLA

In the high energy limit we consider a scattering process where all the leading log contributions in the center of mass energy are resummed, i.e. those of the order (α_s ln s)^n. The so called k_T factorization does apply and the amplitude is given by A(s, t) = c⟨Φ_1|G|Φ_2⟩, where c is a convenient normalization factor, Φ_i are the impact factors and G is the Green function, describing an effective evolution in rapidity. Here a bra-ket notation is used for the integration on the transverse plane. Normally, coordinate or momentum representations are chosen.

For the Odderon case, at lowest order, without resummation, and provided the strong coupling α_s is small, one has a simple three uncorrelated gluon exchange, i.e. the Green function G_3, which is convoluted with the impact factors, is constructed, simply with 3 gluon propagators. Therefore, in momentum representation G^{(LO)}_3 = δ^{(2)}(k_1 − k^′_1)δ^{(2)}(k_2 − k^′_2)1/k^2_1k^2k^2_3.

In the high energy limit, when all other physical invariants are much smaller, the LLA resummation can be performed. The same resummation for the two gluon exchange has lead to the BFKL [8] equation. The kernel of this integral equation for the 2-gluon Green function, in the colour singlet state, describes the perturbative QCD Pomeron in LLA. The same equation in the colour octet state has a simple eigenstate which corresponds to the reggeized gluon, a composed object at high energies. This fact is seen as a self consistency requirement and it is called bootstrap. In NLA [9], where one is resumming also the contribution of order α^n_s (ln s)^{n−1}, all the same concepts, reggeization included [10], do apply.

The general kernel for the n-gluon integral equation for the Green function in LLA is given by the BKP equation [11]. In the large N_c limit and for finite N_c when n = 3, it possesses remarkable symmetry properties: discrete cyclic symmetry, holomorphic separability, conformal invariance, integrability, duality [12] and also a relation between solutions with different n exists [13], which is a direct consequence of the gluon reggeization.

The Odderon states in LLA must be symmetric eigenstates of the operator K_3 = 1/2(K_{12} + K_{23} + K_{31}) constructed with the BFKL kernel K_{ij} for two reggeized gluons in a singlet state. Using the conformal invariance and integrability properties a set of eigenstates has been found [14], which have a maximal intercept below one.

Using the gluon reggeization property (bootstrap) a new set of solutions was later found [15], characterized by intercept up to one, therefore dominant at high energies. Moreover for the particular impact factor which couples a photon and an η_c to the Odderon the LLA calculation has shown that this second set of solution is relevant while the previous one decouples.

These leading Odderon states E^{(ν,n)}_3 , in momentum representation, are given by k^2_1k^2k^2_3 E^{(ν,n)}_3 (k_1, k_2, k_3) = c(ν, n) ∑ (123)

(k_1 + k_2)^2k^2_3 E^{(ν,n)}(k_1 + k_2, k_3), (2) where c(n, ν) =^1_{(2π)3/2} √_{g2} s N_c −3χ(ν,n) is a normalization factor, E is a BFKL Pomeron

eigenstate and the conformal spin n is odd. The sum is taken over the cyclic permutations. In the expression above no colour wave function is explicit. The full Green function is constructed summing over all such states in the following way, in the momentum representation,

G_3(y|k_1, k_2, k_3|k^′_1, k^′_2, k^′_3) = ∑ odd n +∞∫ −∞ dν (2π)^2(ν^2 + n^2/4) [ν^2 + (n − 1)^2/4][ν^2 + (n + 1)^2/4] × e^{y χ(ν,n)}E^{(ν,n)}_3 (k_1, k_2, k_3)E^{(ν,n)}_3^∗(k^′_1, k^′_2, k^′_3) . (3)

In the high energy limit the asymptotic behaviour can be studied for conformal spin n = ±1 and performing the saddle point integration around ν = 0.

Since we have found convenient to work in the momentum representation to make a close comparison between the LLA Odderon contribution and the simple 3 gluon exchange, we need the pomeron BFKL function E in such a representation. The Fourier transform was performed in [7] and is given by

Ẽ_{hh̄}(k_1, k_2) = Ẽ^A_{hh̄}(k_1, k_2) + Ẽ^δ_{hh̄}(k_1, k_2), (4)

where h = (1 + n)/2 + iν and h̄ = (1 − n)/2 + iν are called conformal weights. The analytic term ( also standard complex notation is used) is given by

Ẽ^A_{hh̄}(k_1, k_2) = (−i)^n (4π)^2 hh̄Γ(2 − h)Γ(2 − h̄) [ X(k_1, k_2) + (−1)^nX(k_2, k_1) ] , (5)

where

X(k_1, k_2)= ( k_1 2 )¯_{h−2}(¯ k_2 2 )_{h−2} F ( 1 − h, 2 − h; 2; − k̄_1 k̄_2 ) F ( 1 − h̄, 2 − h̄; 2; − k_2 k_1 ) .(6)

The δ-distribution term is

Ẽ^δ_{hh̄}(k_1, k_2) = [ δ^{(2)}(k_1) + (−1)^nδ^{(2)}(k_2) ] i^n 2π 2^{1−h−h̄} Γ(1 − h̄)

Γ(h) q^{h̄−1}q^{∗ h−1}, (7)

where q = k_1 + k_2. All the expression needed in the case n = ±1 and ν → 0 are however strongly simplified [7].

3 The process γ^∗p → η_cp.

We shortly review the calculation of the amplitude A^i(s, t) = s 32 1 16 N^2_c − 4 N_c N^2_c − 1 3! 1 (2π)^8

⟨Φ^i_γ |G_3|Φ_p⟩. (8)

The impact factors are the ones presented in [5,6] in order to have a direct comparison of the resummation effects. Therefore we use the following photon impact factor

Φ^i_γ = b ϵ_{ij} q_j q^2 ∑ (123)

(k_1 + k_2 − k_3) · q Q^2 + 4m^2_c + (k_1 + k_2 − k_3)^2 − q^2 Q^2 + 4m^2_c + q^2 , (9)

where b is a normalization factor [5,6]. It is calculated in perturbation theory, thanks to the presence of the charm scale, with some simplifying assumptions. The transverse polarization case is considered since in particular the real photon case is giving the dominant contribution. Its form was discussed also in [15]. The longitudinal polarization play no important role for our purposes. The proton impact factor cannot be clearly calculated in perturbation theory and only some reasonable ansatz can be given. In particular we have

Φ_p = d [ F (q, 0, 0) − 3∑ i=1 F (k_i, q − k_i, 0) + 2F (k_1, k_2, k_3) ] , (10)

with

F (k_1, k_2, k_3) =

2a^2 2a^2 + (k_1 − k_2)^2 + (k_2 − k_3)^2 + (k_3 − k_1)^2

, (11)

with d and a some parameters for the normalization and the internal proton scale [5,6].

As anticipated, we evaluate the amplitude (8) in the saddle point approximation for n = ±1 conformal spin. The integral (scalar product) of the Odderon states with the photon impact factor can be computed analytically in this limit while the proton side has instead to be treated numerically [7] and some care is needed to assure the cancellations of the infrared singularities.

After having performed the saddle point integration we have obtained an approximation for the amplitude which we can use to calculate the differential cross section, squaring it and averaging over the photon polarizations:

Fig. 1. Numerical results for the coupling of the Odderon to the proton, as a function of the scaled variable x = |t|/2a^2. dσ dt (γ(γ^∗) + p → η_c + p) = 1 16πs^2 1 2 2∑ i=1 |A^i|^2 =

2^4 · 5^2 3^7 1 (2π)^8 α_{em}α^2_s b^2_0 ζ(3)y 1 |t| × m^2_{ηc} (Q^2 + 4m^2_c )2a^2 |V^{(0,±1)} γ ( t M^2

)|^2|V^{(0,±1)} p ( t 2a^2

)|^2. (12)

In the above expression one has [7]

V^{(0,±1)} γ ( t M^2 ) = √ |t|/M^2 1 + |t|/M^2 , (13)

where M = √ Q^2 + 4m^2_c , while V^{(0,±1)}_p , which has been evaluated numerically, is shown in Fig. 1.

It is interesting to see that in the high energy limit the effective coupling of the Odderon function with the proton impact factor is changing sign with t, and in particular there is an oscillation. When other non leading states of the Odderon basis are contributing, this fact could disappear. Moreover the photon-η_c -Odderon coupling does not presents such behaviour.

This fact leads to the presence of a zero in the differential cross section which should, more generally, present therefore a dip at high energies.

If one looks at the form of the pomeron eigenstates, one can explain this looking at their t dependence. This is a feature which appears in a non forward analysis and can also help to understand if an asymptotic regime, where saddle point integration can be performed, is reached. On the other side the effect for the Odderon exchange is more complex than in the Pomeron exchange, due to the symmetry properties of the solution and the richer structure of the three

Fig. 2. The differential cross sections (in pb / GeV^2). The upper curve refers to Q^2 = 0, the lower one to Q^2 = 25 GeV^2.

gluon impact factors.

The differential cross section is presented in Fig. 2 for the two cases Q^2 = 0 and 25 GeV^2 and √ s ≈ 300 GeV. We have taken α_s at the scale m^2_c + Q^2 (in [5] at Q^2 = 0 the scale was m^2_c ). At t = 0 the cross section vanishes, as in the case of a simple three gluon exchange. For the integrated cross sections we find 50 pb and 1.3 pb at Q^2 = 0 and 25 GeV^2, respectively. Compared to the value in [5] we found a total cross section an order of magnitude larger. Note that compared to the simple three gluon exchange, we have a (weak) logarithmic suppression with energy. So the obtained enhancement effect is totally due to the coupling of the Odderon wave function to the impact factors.

There are, in conclusion, many new interesting features appearing after LLA resummation for processes related to the Odderon exchange. There are many uncertainties, also due to the non perturbative ansatz for the proton impact factors, but some of them may could be fixed making comparisons with other processes and some of the qualitative features we find, if observed at very high energies, could strongly support the perturbative Odderon structure till now understood. By the way the predicted cross sections are nowdays too small for an experimental check with available data.

Acknowledgments:

This talk is mainly based on the results obtained in reference [7]. Many thanks go to the organizers of this very nice workshop.

References

[1] L. Lukaszuk and B. Nicolescu, Lett. Nuovo Cim. 8 (1973) 405.

[2] A. Schafer, L. Mankiewicz and O. Nachtmann, UFTP-291-1992 In *Hamburg 1991, Proceedings, Physics at HERA, vol. 1* 243-251 and Frankfurt Univ. - UFTP 92-291 (92,rec.Mar.) 8 p.

[3] M. Rueter, H. G. Dosch and O. Nachtmann, Phys. Rev. D 59 (1999) 014018.

E. R. Berger, A. Donnachie, H. G. Dosch, W. Kilian, O. Nachtmann and M. Rueter, Eur. Phys. J. C9 (1999) 491. E. R. Berger, A. Donnachie, H. G. Dosch and O. Nachtmann, Eur. Phys. J. C 14, 673 (2000).

[4] Preliminary results of H1 collaboration. Talk in DIS2001 + talks submitted to EPS2001 and LT2001.

[5] J. Czyzewski, J. Kwiecinski, L. Motyka and M. Sadzikowski, Phys. Lett. B398 (1997) 400; erratum Phys. Lett B411 (1997) 402.

[6] R. Engel, D. Y. Ivanov, R. Kirschner and L. Szymanowski, Eur. Phys. J. C4 (1998) 93.

[7] J. Bartels, M. A. Braun, D. Colferai and G. P. Vacca, Eur. Phys. J. C 20, 323 (2001).

[8] E. A. Kuraev, L. N. Lipatov and V. S. Fadin, Sov. JETP 44 (1976) 443;

ibid. 45 (1977) 199;

Ya. Ya. Balitskii and L.N. Lipatov, Sov. J. Nucl. Phys. 28, (1978) 822.

[9] V. S. Fadin and L. N. Lipatov, Phys. Lett. B 429, 127 (1998).

[10] M. Braun and G. P. Vacca, Phys. Lett. B 454, 319 (1999). M. Braun and G. P. Vacca, Phys. Lett. B 477, 156 (2000). A. Papa, hep-ph/0007118.

[11] J. Bartels, Nucl Phys. B151(1979) 293; Nucl Phys. B175(1980) 365; J.

Kwieciński, M. Praszałowicz, Phys. Lett. B94 (1980) 413.

[12] L. N. Lipatov, Sov. Phys. JETP 63 (1986) 904; Phys. Lett. B309 (1993) 394;

JETP Lett. 59 (1994) 596; Sov. Phys. JETP Lett. 59 (1994) 571; Nucl. Phys. B548 (1999) 328-362. L. D. Faddeev and G. P. Korchemsky, Phys. Lett. B342 (1995) 311.

[13] G. P. Vacca, Phys. Lett. B 489, 337 (2000).

[14] R. A. Janik and J. Wosiek, Phys. Rev. Lett. 82 (1999) 1092.

[15] J. Bartels, L. N. Lipatov and G. P. Vacca, Phys. Lett. B477 (2000) 178.