The QCD pomeron at TESLA — doubly tagged e^+e^− events^1

J. Kwieciński^a, L. Motyka^b

aDepartment of Theoretical Physics, H. Niewodniczański Institute of Nuclear Physics, Cracow, Poland bInstitute of Physics, Jagellonian University, Cracow, Poland

Abstract

We analyze γ^∗γ^∗ processes in the high energy regime. For similar virtualities of photons such processes are governed by the QCD pomeron. We give the predictions for the cross-sections using the BFKL equation including dominant non-leading contributions. We also take into account the contribution of the soft pomeron. We give predictions for the total cross-section for the process e^+e^− → e^+e^− + hadrons with two tagged leptons for the e^+e^− energy which can become accessible at TESLA.

1To appear in the Proceedings of the 2nd Joint ECFA/DESY Study on Physics and Detectors for a Linear Electron-Positron Collider, Obernai, France, October 1999.

The doubly tagged e^+e^− → e^+e^− hadrons events at high energies give access to diffractive γ^∗γ^∗ physics. With the tagging angle greater than 30 mrad, the typical virtualities of the photons which will mediate the doubly tagged events at TESLA would be larger than 50 GeV^2. Furthermore, by imposing suitable cuts on the tagged electrons energies one may select events with the γ^∗γ^∗ energy W falling into the high energy regime. Such two photon processes are governed by perturbative QCD at high energies (see Fig. 1), and may therefore provide excellent tests of our understanding of the QCD pomeron [1, 2, 3]. The additional advantage comes from the fact that in these processes the virtualities of both (virtual) photons are of comparable size and the DGLAP effects are rather small. Thus the Balitzkij, Fadin, Kuraev, Lipatov (BFKL) [4, 5] evolution should play a crucial role here.

Existing estimates of the total cross-sections of the process γ^∗γ^∗ → hadrons have been performed within the leading logarithmic approximation of the QCD pomeron. As explained in a previous report [6], it is necessary to include also the non-leading corrections to the BFKL equation [7]. As in the previous case [6] we shall present results of calculations [8] based on the BFKL equation with the consistency constraint which corresponds to the condition that the virtualities of the gluons propagating along the gluon ladder [9] are dominated by the transverse momenta squared.

The QCD pomeron exchange mechanism of the process γ^∗_1 (Q^2_1)γ^∗_2 (Q^2) → hadrons.

The cross-section of the process e^+e^− → e^+e^− + hadrons (averaged over the angle ϕ between the lepton scattering planes in the frame in which the virtual photons are aligned along the z axis) is given by the following formula (see e.g Ref [1]): Q^2_1Q^2dσ dy_1dy_2dQ^2_1dQ^2 = ( α 2π )_2

[P^{(T )}_{γ/e}+ (y_1)P^{(T )}_{γ/e}− (y_2)σ^{T T}_γ∗_γ∗ (Q^2_1, Q^2, W^2)+

P^{(T )}_{γ/e}+ (y_1)P^{(L)}_{γ/e}− (y_2)σ^{T L}_γ∗_γ∗ (Q^2_1, Q^2, W^2) + P^{(L)}_{γ/e}+ (y_1)P^{(T )}_{γ/e}− (y_2)σ^{LT}_γ∗_γ∗ (Q^2_1, Q^2, W^2)+

P^{(L)}_{γ/e}+ (y_1)P^{(L)}_{γ/e}− (y_2)σ^{LL}_γ∗_γ∗ (Q^2_1, Q^2, W^2)] (1)

where P^{(T )}_{γ/e} (y) = [1 + (1 − y)^2]/y and P^{(L)}_{γ/e} (y) = 2(1 − y)/y. In Eq. (1) y_1 and y_2 are the longitudinal momentum fractions of the parent leptons carried by virtual photons, Q^2_i = −q^2_i (i = 1, 2) where q_{1,2} denote the four momenta of the virtual photons and W^2 is the total CM energy squared of the two (virtual) photon system, i.e. W^2 = (q_1 + q_2)^2. The cross-sections σ^{ij}_γ∗_γ∗ (Q^2_1, Q^2, W^2) are the total cross-sections of the process γ^∗γ^∗ → hadrons and the indices i, j = T, L denote the polarization of the virtual photons. The functions P^{(T )}_{γ/e} (y) and P^{(L)}_{γ/e} (y) are the transverse and longitudinal photon flux factors.

The total γ^∗γ^∗ cross-section at very large photon virtualities is dominated by the perturbative contribution. However, it is necessary to check at which value of Q^2 the hard part starts to dominate over the soft effects. In our study we model the latter ones using a Regge motivated description of the soft pomeron. Thus we may write:

σ_γ∗_γ∗ (Q^2_1, Q^2, W^2) = σ_{hard}(Q^2_1, Q^2, W^2) + σ_{soft}(Q^2_1, Q^2, W^2). (2)

Since the perturbation theory is only reliable if the transverse gluons along the ladder are hard enough i.e the transverse momenta of these gluons k^2 > k^2_0, we neglect contributions to the perturbative part from the configurations with k^2 < k^2_0 . The contribution from this infra-red region is entirely assigned to the soft pomeron. The precise choice of k_0 is rather arbitrary, but this parameter should be of the order of Λ_{QCD} so we make a rather conservative choice and set k_0 = 1 GeV.

The soft pomeron contribution to γ^∗γ^∗ scattering may be obtained from the Gribov factorisation formula:

σ_{soft}(Q^2_1, Q^2, W^2) = σ^{SP}_{γ∗(Q}2_{1)p}(Q^2_1, W^2)σ^{SP}_{γ∗(Q}2_{)p}(Q^2, W^2) σ_{pp}(W^2) (3) We assume that this term is only contributing to the transverse part. In equation (3) the cross-sections σ^{SP}_{γ∗(Q}2_{i )p}(Q^2_i , W^2) and σ^{SP}_{pp} (W^2) are the soft pomeron contributions to the γ^∗p and pp total cross sections and their parametrisation is taken from Refs. [11, 12].

The perturbative parts of γ^∗γ^∗ cross-sections are obtained as follows. The impact factors Φ_0 illustrated by the shaded blobs in Fig. 1 are calculated in the lowest order of perturbative QCD. They correspond to the sum of all elementary diagrams in which a pair of gluons couples to a quark loop. We take into account the contributions from the light flavours and from the c-quark. The phase space for the quark-antiquark pairs in the final state is taken into account exactly i.e. we go beyond the asymptotic expression for very large energies which will result in the showing up of some threshold effects for moderate energies. Then the BFKL ladders are built on the impact factor Φ_0 corresponding to the lower γ^∗ virtuality. The resummation of the ladder diagrams is described by the BFKL equation for which the inhomogeneous term is given by the sum of the perturbative impact factor Φ_0 and some additional source of gluons from the soft pomeron.

a) b)

Energy dependence of the cross-section σ^{T T}_γ∗_γ∗ (Q^2_1, Q^2, W^2) for the process γ^∗(Q^2_1)γ^∗(Q^2) → hadrons for various choices of photon virtualities Q^2 = Q^2_1 = Q^2: a) Complete i.e. including soft and QCD pomeron contributions results. For each choice of the virtuality Q^2 four curves are shown taking into account hard effects only (“hard part”), hard amplitude with soft pomeron contributions added in the source term of the BFKL equation (“mixed”), the full cross-section including both soft and hard pomeron contributions (“full result”). We also show the “full result” with the low scale of α_s in the impact factors: μ^2 = (k^2 + m^2_q)/4. b) Comparison of the complete contribution of the perturbative QCD pomeron to the cross-section σ^{T T}_γ∗_γ∗ (Q^2, Q^2, W^2) (continuous line) with its Born term component corresponding to the two gluon exchange mechanism (dotted line).

In Fig. 2a we show our results for σ^{T T}_γ∗_γ∗ (Q^2_1, Q^2, W^2) plotted as function of the CM energy W for three different values of Q^2 where Q^2_1 = Q^2 = Q^2. After confronting our predictions [8] with the results from LEP and LEP2 [13] we found that better description of data is obtained when we choose the value of μ^2 = (m^2_q + k^2)/4 (instead of the standard one: μ^2 = (m^2_q + k^2)) for the scale of the α_s which appears in the impact factors. Thus we shall rely on this choice also when studying the TESLA physics. Let us mention, that the uncertainty of the cross-section due to the ambiguous value of α_s is smaller at TESLA than at LEP.

We see from this figure that the effects of the soft pomeron contribution are nonnegligible at low and moderately large values of Q^2 < 10 GeV^2 and for moderately large values of W < 100 GeV. The QCD pomeron however dominates already at Q^2 = 40 GeV^2. This means, that in contrast to the LEP case, at TESLA one can trust the perturbative result. We also see from this figure that for low energies W < 40 GeV the phase-space limitations are very important. For W > 40 GeV or so one observes that the cross-section exhibits the effective power-law behaviour σ^{T T}_γ∗_γ∗ (Q^2, Q^2, W^2) ∼ (W^2)^λ. The (effective) exponent increases weakly with increasing Q^2 and varies from λ = 0.28 for Q^2 = 2.5 GeV^2 to λ = 0.33 for Q^2 = 40 GeV^2. This (weak) dependence of the effective exponent λ on Q^2 is the result of the interplay between soft and hard pomeron contributions, where the former becomes less important at large Q^2. The shape of the remaining cross sections σ^{T L}_γ∗_γ∗ , σ^{LT}_γ∗_γ∗ and σ^{LL}_γ∗_γ∗ as functions of W is the same as that of σ^{T T}_γ∗_γ∗ . They do however differ in their relative normalisation.

In Fig. 2b we compare the QCD pomeron contribution to the cross-section σ^{T T}_γ∗_γ∗ with the Born term, which corresponds to the two-gluon exchange mechanism. For large values of the CM energy W the two-gluon exchange mechanism gives energy independent contribution to the cross-section σ^{T T}_γ∗_γ∗ . In the low energy region its energy dependence (i.e. the onset of the constant asymptotic behaviour) is controlled by phase space effects. We can also see from this figure that the dominance of the BFKL pomeron over its Born term is delayed to higher energies. In the low energy region the cross-section corresponding to the solution of the modified BFKL equation is even smaller than that which is given by the Born term.

We have calculated the total cross-section of the process e^+e^− → e^+e^− + hadrons for LEP1 and LEP2 energies and confronted results of our calculation with the recent experimental data obtained by the L3 collaboration at LEP [13]. Comparison of our results with experimental data was summarised in [8]. We arrived at a rather unexpected conclusion, that the available LEP data for γ^∗γ^∗ cross-section probe mainly the region of energies and virtualities for which the soft pomeron contribution is non-negligible. Besides that, at LEP the BFKL enhancement of the two-gluon exchange amplitude should not occur. However, let us mention that our predictions tend to underestimate the LEP2 data, even with the choice of the lower scale for α_s, although the error bars are still too large to be conclusive about it. The two possible reasons for explaining this discrepancy could be either our choice of a too high value of the infrared cut-off k_0 or the lack of higher order QCD corrections to the impact factors in our calculations. Thus, our the predictions for TESLA may be also too low by a factor of about 1.5.

θ_{min} — θ_{max} σ(e^+e^− → e^+e^− + hadrons) [fb] Events / year Born Hard Full (LS) Full (LS) 10–20 134 365 450 9000 20–30 16 41 46 920 30–40 3.5 8 9 180 40–50 1.1 2.3 2.5 50 50–70 0.6 1.1 1.3 26 30–70 5.2 11 13 260

Predictions for TESLA at e^+e^− energy equal to 500 GeV.

Cross-sections for the pomeron mediated e^+e^− → e^+e^− + hadrons process with tagged electrons E_{tag} > 30 GeV, y_i > 0.1, 2.5 GeV^2 < Q^2_i < 300 GeV^2, 2 < log[W^2/(Q_1Q_2)] < 10, θ_{min} < θ_{tag} < θ_{max}. Results of the calculation with the low scale of α_s in impact factors: two-gluon exchange, hard and full (hard+soft) contributions and the expected number of events per year, assuming the integrated luminosity per year to be L = 20 fb^{−1}.

In Tab. 1 we show results of our estimate for the cross-section for the process e^+e^− → e^+e^− + hadrons with tagged e^+e^− in the final state for the total CM energy of the e^+e^− system equal to 500 GeV. We can see that in this very high energy region the QCD pomeron dominates over the soft pomeron contribution even for very low tagging angles. These cross-sections are also bigger by about a factor equal to 2–3 than the two-gluon exchange “background”. Thus the BFKL enhancement should be well seen, especially when tagging at low angles could be realized. If the integrated luminosity at TESLA reached the planned value the collected statistics of doubly tagged e^+e^− → e^+e^−hadrons would be high enough to perform detailed studies of the energy dependence of the γ^∗γ^∗ cross-section. The optimal tagging angle for BFKL studies should lay between 20 and 30 mrad, to assure the virtualities of photons to be large and not to suppress the event rate too much. If such the conditions will be realized then TESLA may provide us with excellent data probing the nature of the QCD pomeron.

Acknowledgments

We thank Albert De Roeck for his interest in this work and useful discussions. This research was partially supported by the Polish State Committee for Scientific Research (KBN) grants 2 P03B 89 13, 2 P03B 084 14 and by the EU Fourth Framework Programme ‘Training and Mobility of Researchers’, Network ‘Quantum Chromodynamics and the

Deep Structure of Elementary Particles’, contract FMRX–CT98–0194.

References

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

Lett. 78 (1997) 803 (Erratum-ibid. 79 (1997) 3544).

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

De Roeck, C. Ewerz, H. Lotter, hep-ph/9710500.

[3] A. Białas, W. Czyż, W. Florkowski, Eur. Phys. J. C2 (1998) 683; W. Florkowski, Acta Phys. Polon. 28 (1997) 2673; A. Donnachie, H.G. Dosch, M. Rueter, Phys. Rev. D59 (1999) 74011; M. Boonekamp et al. hep-ph/9812523.

[4] E.A. Kuraev, L.N.Lipatov and V.S. Fadin, Zh. Eksp. Teor. Fiz. 72 (1977) 373 (Sov. Phys. JETP 45 (1977) 199); Ya. Ya. Balitzkij and L.N. Lipatov, Yad. Fiz. 28 (1978) 1597 (Sov. J. Nucl. Phys. 28 (1978) 822); J.B. Bronzan and R.L. Sugar, Phys. Rev. D17 (1978) 585; T. Jaroszewicz, Acta. Phys. Polon. B11 (1980) 965; L.N. Lipatov, in ”Perturbative QCD”, edited by A.H. Mueller, (World Scientific, Singapore, 1989), p. 441.

[5] L.N. Gribov, E.M. Levin and M.G. Ryskin, Phys. Rep. 100 (1983) 1.

[6] A. De Roeck, J. Kwieciński, L. Motyka, these Proceedings.

[7] M. Ciafaloni, G. Camici, Phys. Lett. B386 (1996) 341; ibid. B412 (1997) 396;

Erratum – ibid. B417 (1998) 390; hep-ph/9803389; M. Ciafaloni, hep-ph/9709390; V.S. Fadin, M.I. Kotskii, R. Fiore, Phys. Lett. B359 (1995) 181; V.S. Fadin, M.I. Kotskii, L.N. Lipatov, hep-ph/9704267; V.S. Fadin, R. Fiore, A. Flachi, M. Kotskii, Phys. Lett. B422 (1998) 287; V.S. Fadin, L.N. Lipatov, hep-ph/9802290.

[8] J. Kwieciński, L. Motyka, Phys. Lett B462 (1999), 203.

[9] B. Andersson, G. Gustafson, H. Kharraziha, J. Samuelsson, Z. Phys. C71 (1996) 613; J. Kwieciński, A.D. Martin, P.J. Sutton, Z. Phys. C71 (1996) 585.

[10] J.Kwieciński, A.D. Martin and A.M. Staśto, Phys. Rev. D56 (1997) 3991.)

[11] A. Donnachie and P.V. Landshoff, Phys. Lett. B296 (1992) 227.

[12] A. Donnachie and P.V. Landshoff, Z. Phys. C61 (1994) 139.

[13] L3 collaboration, (M. Acciari et al) CERN-EP-98-205 (1998).