Small–Angle Electron-Positron Scattering^†

A.B. Arbuzov^a, V.S. Fadin^b, E.A. Kuraev^a, L.N. Lipatov^c, N.P. Merenkov^d and L.G. Trentadue^e

a Joint Institute for Nuclear Research, Dubna, Moscow region, 141980, Russia b Budker Institute for Nuclear Physics and Novosibirsk State University, 630090, Novosibirsk, Russia c St.-Petersburg Institute of Nuclear Physics, Gatchina, Leningrad region, 188350, Russia d Physico-Technical Institute, Kharkov, 310108, Ukraine e Dipartimento di Fisica, Universitá di Parma and INFN, Gruppo Collegato di Parma, 43100 Parma, Italy

Abstract

We consider small{angle electron{positron scattering in Quantum Electrodynamics. Leading logarithmic contributions to the cross{section are explicitly calculated to three loop. Next{to{leading terms are exactly computed to two loop. All the radiative corrections due to photons as well as pair production are taken into account. The impact of newly evaluated next-to-leading and higher order leading corrections is discussed and numerical results are explicitly given. The results obtained are generally valid for high and low energy e^+e^− colliders. At LEP and SLC these results can be used to reduce the uncertainty on the cross{section below the per mille level.

PACS numbers 12.15.Lk, 12.20.{m, 12.20.Ds, 13.40.{f

† Physics Lettrs B 394 (1997) 218{224.

Work supported by the Istituto Nazionale di Fisica Nucleare (INFN). INTAS Grant 1867-93.

An high accuracy, better than one per mille, measurement of the luminosity has been reached at LEP [1]. The small–angle electron–positron scattering (Bhabha) process is normally used as the reference cross–section to measure the luminosity.

A poorly known Bhabha cross–section has the consequence of producing a systematic error on the determination of relevant physical observables as, for example, the hadronic peak cross– section σ^h_{peak} or the leptonic widths Γ_{e,μ}. This poor accuracy reflects itself on the extraction of the Standard Model parameters on the exclusion of new physics signals as, for example, those coming from a deviation from the Standard Model prediction for the number of light neutrinos [1]. The experimental uncertainty in the luminosity determination together with the theoretical one define the uncertainties on the above mentioned quantities. An adequate theoretical accuracy on the cross–section is therefore highly needed.

Various approaches have been used to obtain the Bhabha cross–section [3, 4]. Some of them (see ref. [3]) are based on Monte Carlo generators. Others use the structure function method to calculate the radiative corrections [4]. With both methods the contributions of next–to– leading as well as higher order radiative corrections have not been systematically evaluated and this yielding an important source of uncertainty above the level of δσ/σ ≃ 0.001 accuracy. Therefore an equally accurate theoretical determination of the Bhabha cross–section, even if it is approaching to, has not yet reached the experimental accuracy [2].

In this letter we describe the results obtained with a different approach based on the direct evaluation of Feynman diagrams. The results, given in analytical form, systematically take into account leading as well as next–to–leading contributions thus reducing the physical uncertainty to the 0.1% level.

The differential cross–section for the small-angle Bhabha process in the Standard Model is [5]: dσ_B θdθ = 8πα^2 θ^4

(1 + δ_θ + δweak), θ ≪ 1, δ_θ = −θ^2/2 + 9θ^4/40, (1)

δweak = 2g^2_v ξ − θ^2 4 (g^2_v + g^2_a)ℜe χ + θ^4 32 (g^4_v + g^4_a + 6g^2_v g^2_a)|χ|^2,

χ = s[(s − M^2_Z + iM_ZΓ_Z ) sin(2θ_W )]^{−1}, ξ = t[(t − M^2_Z) sin(2θ_W )]^{−1},

where θ is the scattering angle, s = 4E^2, t = −E^2θ^2, E is the beam (center-of-mass) energy, θ_W the Weinberg angle and g_a = −1/2, g_v = −(1 − 4 sin^2 θ_W )/2 the axial and vector couplings of the Z^0 boson. Experimental cross-sections are obtained by collecting events within particular angular portions of the detectors with given energy cuts. To compare with those observed distributions one has to take into account radiative corrections to higher orders in perturbation theory and it is convenient to introduce the dimensionless quantity:

Σ = Q^2_1 4πα^2 1∫ 0 dx_1 1∫ 0 dx_2Θ(x_1x_2 − x_c) ∫ d^2q^⊥_1 Θ^c_1 ∫ d^2q^⊥_2 Θ^c_2 dσ^{e+e} �_{→e}+_(q?_{2 ,x2)e}�_(q?_{1 ,x1)+X}

dx_1d^2q^⊥_1 dx_2d^2q^⊥_2

, (2)

where x_c is the energy fraction threshold for the detection of the final electron and positron x_c ≤ x_1x_2, where x_{1,2} are the energy fractions of the scattered leptons and q^⊥_1 , q^⊥_2 are the components of their momenta transverse with respect to the beam directions. Θ^c_{1,2} are the step functions which account for the registration of the scattered leptons by the circular detectors situated close to the beams with an aperture bounded by the angles θ_{1,2,3,4}:

Θ^c_1 = Θ(θ_3 −

|q^⊥_1 |

x_1E )Θ( |q^⊥_1 |

x_1E

− θ_1), Θ^c_2 = Θ(θ_4 −

|q^⊥_2 |

x_2E )Θ( |q^⊥_2 |

x_2E

− θ_2). (3)

If θ_1 is the minimal aperture angle we define the minimal momentum transferred from the electron to the positron as Q^2_1 = E^2θ^2_1. At LEP/SLC Q_1 ≃ 1 GeV/c. For symmetric detectors: θ_1 = θ_2, θ_3 = θ_4, ρ = θ_3/θ_1.

Σ = Σ_0 + Σ^γ + Σ^{γγ} + Σ^γ + Σ^{e+e} � + Σ^{3γ} + Σ^{e+e}

�_γ (4) = Σ^0(1 + δtot) = Σ^0(1 + δ_0 + δ^γ + δ^{2γ} + δ^{e+e} � + δ^{3γ} + δ^{e+e}

�_γ ) = Σ^0(1 + ∑ i δ^i), δ^{2γ} ≡ δ^{γγ} + δ^γ , Σ^0 = 1 − 1 ρ^2 , Σ_0 has the form:

Σ_0 =

ρ^2∫

1 dz z^2

U(−zQ^2_1)(1 + δweak(θ^2) + δ_θ(θ^2)) | | | | θ^2=zθ^2_1 (5) with U(t) = (1 − Π(t))^{−2} where Π(t) is the vacuum polarization operator of the exchanged photon [6]. The experimentally observable cross–section is given by the expression: σ = 4πα^2 Q^2_1

Σ^0(1 + δ_0 + δ^γ + δ^{2γ} + δ^{e+e} � + δ^{3γ} + δ^{e+e}

�_γ

). (6)

The quantity Σ^γ collects the radiative corrections to the Born amplitude related to the emission of single virtual, real soft or hard photon. Virtual and soft photon contributions to the differential cross–section are proportional to the Born amplitude: dσ = dσ_B(1 +^α_π (2(L − 1) ln Δ + 3L/2 − 2)). This quantity contains the large logarithm L, L = ln(zQ^2_1/m^2) (m is the electron mass), and Δ = δE/E, where δE is the maximal energy carried by a soft photon, Δ ≪ 1. The Δ–dependence disappears in the total sum when the emission of a hard photon with energy fraction larger than Δ is also taken into account.

A simple analytical expression for the small–angle Bhabha differential cross–section for one hard photon emission can be written within the the infinite-momentum frame formalism. One obtains: dσ^H dxd^2q^⊥_1 d^2q^⊥_2 = 2α^2 π^2

1 + x^2

((q^⊥_2 )^2)^2(1 − x)

[ (q^⊥_2 )^2(1 − x)^2

d_1d_2 − 2m^2x(1 − x)^2(d_1 − d_2)^2 (1 + x^2)d^2_1d^2 ] , (7)

d_1 = m^2(1 − x)^2 + (q^⊥_1 − q^⊥_2 )^2 = (1 − x)2p_1k, d_2 = m^2(1 − x)^2 + (q^⊥_1 − xq^⊥_2 )^2 = x(1 − x)2q_1k, q^⊥_2 = q^⊥_1 + k^⊥, x = q^0_1 p^0_1

, q_1 = xp_1 + q^⊥_1 , p_1 + p_2 = q_1 + k + q_2 ,

where p_1, p_2 and k are the 4-momenta of the initial electron, positron and emitted photon respectively, x and 1 − x are the energy fractions of the scattered electron, k^⊥ is the transverse component of the photon momentum with respect to the beam direction. The photon is supposed to be emitted from the electron line. The same result is obtained for the emission from the positron line. The above expression takes into account only scattering–type diagrams. According to the definition of eq.(2) we have that

Σ^γ = α π ρ^2∫

1 dz z^2 1∫ xc dxU(−zQ^2_1) { (L − 1)P (x)[1 + Θ(x^2ρ^2 − z)] (8) + 1 + x^2 1 − x k(x, z) − δ(1 − x) } , k(x, z) = (1 − x)^2 1 + x^2

[1 + Θ(x^2ρ^2 − z)] + L_1 + Θ(x^2ρ^2 − z) L_2 + Θ(z − x^2ρ^2)L_3 ,

L_1 = ln | | | | x^2(z − 1)(ρ^2 − z) (x − z)(xρ^2 − z) | | | | , L_2 = ln | | | | (z − x^2)(x^2ρ^2 − z) x^2(x − z)(xρ^2 − z) | | | | , L_3 = ln | | | | (z − x^2)(xρ^2 − z) (x − z)(x^2ρ^2 − z) | | | | , and P (x) =

( 1 + x^2 1 − x ) + = lim_{Δ→0}

{ 1 + x^2 1 − x Θ(1 − x − Δ) + ( 3 2 + 2 ln Δ) δ(1 − x) } (9) is the kernel of the non–singlet (NS) evolution equation [8].

For small scattering angles (−t/s ∼ θ^2 ≪ 1) the elastic amplitude A(s, t) has a generalized eikonal form: A(s, t) = ABorn(t) Γ^2(t) √ U(t) exp{iϕ(t)}, where Γ(t) is the Dirac electron form factor and ϕ(t) is the Coulomb phase [9]. The Coulomb phase factor collects the multiple exchange photon contributions in the scattering channel. This holds for elastic as well as for inelastic amplitudes. This form permits us to neglect diagrams with several exchanged photons since the phase factor exp{iϕ(t)} disappears in the physical cross-sections. To higher orders in the perturbative expansion, only Feynman diagrams with one exchanged photon between electron and positron line do contribute. For the second order photonic contributions we use the known results of the electron Dirac form factor[10]. Pauli form factor gives a negligible contributions of O(θ^2(α/π)^2). They include the cross-section for the emission of two soft photons as well as the emission a single real (soft or hard) photon with one–loop virtual radiative corrections [11] and the cross–section for the emission of two hard photons in the same or in opposite directions. For this last kinematical configuration we may use a generalization of the single bremsstrahlung cross-section in eq.(7) [12]. We obtain the following expression:

Σ^γ = 1 4 ( α π )^2 ∫ dz z^2

U(−Q^2_1z) { L^2 1∫ xc dx_1 1∫ xc/x_1 dx_2P (x_1)P (x_2) (10)

× [Θ(z − 1)Θ(ρ^2 − z) + Θ(z − x^2_1)Θ(x^2_1ρ^2 − z)]

× [Θ(z − 1)Θ(ρ^2 − z) + Θ(z − x^2)Θ(x^2ρ^2 − z)] + LΦ^γ } , with Φ^γ an analytical function (see [7]). To calculate within the single logarithmic accuracy the contribution of the emission of two hard photons from a single lepton line (the electon in our case) we separate, by introducing a new auxiliary parameter θ_0 (1 ≫ θ_0 ≫ m/ε), in collinear and semi-collinear kinematical regions [13]. Namely, in the collinear region both emitted photons move in the narrow cones defined by the polar angle θ_0 with respect to the initial or final (as well as simultaneously) electron 3-momenta. This region gives leading and next–to–leading contributions. The semi–collinear region produces only next–to–leading terms and corresponds to the kinematical configurations when only one of the photons moves inside one of the defined narrow cones when the second is radiated outside. It can be shown that, as it should, the dependence on θ_0 disappears in the total sum:

Σ^{γγ} = 1 2 ( α π )^2

ρ^2∫

1 dz z^2

U(−Q^2_1z) { L^2 1∫ xc dx { 1 2 P^{(2)}(x) [ Θ(x^2ρ^2 − z) + 1] (11)

+ 1∫ x dt t P (t) P ( x t ) Θ(t^2ρ^2 − z) } + LΦ^{γγ} } ,

P^{(2)}(x) = 1∫ x dt t P (t) P ( x t ) = lim_{Δ→0} { [( 2 ln Δ + 3 2 )_2

− 4ζ_2 ] δ(1 − x) (12) + 2 [ 1 + x^2 1 − x ( 2 ln(1 − x) − ln x + 3 2 ) + 1 2 (1 + x) ln x − 1 + x ] Θ(1 − x − Δ) } . For Φ^{γγ} see [7]. To the same order of perturbation theory we have to take into account the e^+e^− pair production processes. For hard pair production we again consider four collinear kinematical regions, when the created pair moves close to the directions of the projectiles or of the scattered particles, and six semi–collinear regions which having 2 → 3 like kinematics i.e. when one of the final particles moves close to the beam direction or when one component of the created pair is close the other. The cancellation of the auxiliary parameter θ_0 can be explicitly verified [14].

The relevant two–loop contribution from the electron form factor [10] contains L^3 terms which disappear in the sum with the contribution due to soft pair production [14]:

Σ^{e+e} � = 1 4 ( α π )^2

ρ^2∫

1 dz z^2

U(−zQ^2_1) { L^2 1∫ xc dx[1 + Θ(z − 1)Θ(x^2ρ^2 − z)] R(x) + LΦ^{e+ e} �} ,(13) R(x) = 2 3 P (x) + 2(1 + x) ln x + 1 − x 3x (4 + 7x + 4x^2),

where Φ^{e+e} � collects nonleading corrections which can be found in [7].

Within the third order of perturbation theory it is sufficient, to the accuracy of the O(10^{−3}), to consider only leading contributions related to the initial particle radiation. Leading contributions can be systematically included by using QED evolution equations [8].

We consider the channels of γγγ and γe^+e^− production real or virtual in all possible combinations. We obtain

Σ^{3γ} = 1 4 ( α π L)^3 ∫ dz z^2 1∫ xc dx_1 1∫ xc/x_1 dx_2 [ 1 6 δ(1 − x_2) P^{(3)}(x_1) (14)

× Θ(x^2_1ρ^2 − z)Θ(z − 1) + 1 2 P^{(2)}(x_1)P (x_2)Θ_1Θ_2 ] , Θ_{1,2} ≡ Θ(z − x^2_{1,2})Θ(ρ^2x^2_{1,2} − z),

P^{(3)}(x) = 1∫ x dy y P^{(2)}(y)P ( x y ), L = ln

Q^2_1 m^2

, (15)

Σ^{e+e} �_γ = 1 4 ( α π L)^3 ∫ dz z^2 1∫ xc/x_1 dx_1 1∫ xc dx_2 { 1 3 [R^P (x_1) − 1 3 R^s(x_1)] (16)

× δ(1 − x_2)Θ(x^2_1ρ^2 − z)Θ(z − 1) + 1 2 P (x_2)R^r(x_1) Θ_1Θ_2 } , where

R^r(x) = R^s(x) + 2 3 P (x), R^s(x) = 1 − x 3x (4 + 7x + 4x^2) + 2(1 + x) ln x, (17)

R^P (x) = R^s(x) (3 2 + 2 ln(1 − x) ) + (1 + x) ( − ln^2 x − 4 1−x∫ 0 dy ln(1 − y) y )

+ 1 3 (−9 − 3x + 8x^2) ln x + 2 3 ( − 3 x − 8 + 8x + 3x^2 ) + 2 3 P^{(2)}(x).

By combining the partial results in eqs.(5),(8),(10–14), and (16) one obtains the final result for the observable cross–section eq.(6).

In Table 1 we give our results for different values of the threshold energy fraction x_c for the defined angular acceptance of θ_1 = 1.6^∘ and θ_2 = 2.8^∘. Nonleading second order photonic corrections are negative and turn out to be larger in magnitude than both third order and second order ones due to pair production. This is shown in Fig. 1. Photonic corrections (leading and nonleading) (see Fig. 2) due to double photon emission from both fermions dominate the ones from a single lepton line. This fact is a consequence of the sign–changing P^{(2)}(x) function (see eq.(12)), which describes double bremsstrahlung from a single lepton line. The importance of radiative corrections to Bhabha cross–section is illustrated in Fig. 3. The decreasing of the cross–section in the region x_c → 1 can be understood as a reduction by increasing x_c of the positive contribution of real photon emission, while first order virtual corrections, being negative, remain unchanged.

The accuracy of this result is implicitely defined by the terms omitted in the perturbative series. Typically they are of the type: α π θ^2, ( α π )^2, ( α π )^3L^2, ( α π L)^4. (18)

An estimate of their magnitudes permits us to state that the uncertainty of our result to be at the level 10^{−4}. A detailed analysis of the attained accuracy is given in [7]. From the analysis given above clearly emerges the importance of the next–to–leading contributions to reach an accuracy adequate to the one attained in present LEP and SLC experiments. The above formulae can be applied to future high–energy e^+e^− colliders as well.

We are grateful for support to the Istituto Nazionale di Fisica Nucleare (INFN), to the International Association for the Promotion of Cooperation with Scientists (INTAS) for the grant 93-1867 and to the Russian Foundation for Fundamental Investigations (RFFI) for the grant 96-02-17512. One of us (L.T.) would like to thank H. Czyz, M. Dallavalle, B. Pietrzyk and T. Pullia for several useful discussions at various stages of the work and the CERN theory group for the hospitality. Three of us (A.A., E.K. and N.M.) would like to thank the INFN Laboratori Nazionali di Frascati, the Dipartimento di Fisica dell’Universitá di Roma ”Tor Vergata” and the Dipartimento di Fisica dell’Universitá di Parma for their hospitality during the preparation of this work. One of us (A.A.) is thankful to the Royal Swedish Academy of Sciences for an ICFPM grant.

References

[1] LEP Electroweak Working Group, A Combination of Preliminary LEP Electroweak Results from the 1995 Summer Conferences, 1995, CERN report LEPEWWG/95–02.

[2] S. Jadach, O. Nicrosini et al., Event Generators for Bhabha Scattering, in CERN Yellow Report 96–01, Vol.2.

A. Arbuzov et al., The Present Theoretical Error on the Bhabha Scattering Cross-section in the Luminometry Region at LEP. hep-ph/9605239, to appear in Phys.Lett. B.

[3] S. Jadach, E. Richter–Was, B.F.L. Ward, Z. Was, Comput. Phys. Commun. Commun.

70, 305 (1992).

[4] W. Beenakker, F.A. Berends and S.C. van der Marck, Nucl. Phys. B355, 281 (1991);

M. Cacciari, A. Deandrea, G. Montagna, O. Nicrosini and L. Trentadue, Phys. Lett. B271, 431 (1991);

M. Caffo, H. Czyz and E. Remiddi, Nuovo Cim. 105A, 277 (1992); K.S. Bjorkenvoll, G. Fäldt, and P. Osland, Nucl. Phys. B386, 280, 303 (1992).

[5] R. Budny, Phys. Lett. 55B, 227 (1975);

D. Bardin, W. Hollik and T. Riemann, MPI–PAE/PTh 32/90; PHE90-9, 1990. M. Boehm, A. Denner and W. Hollik, Nucl. Phys. B304, 687 (1988).

[6] S. Eidelman, F. Jegerlehner, Z. Phys. C67, 585 (1995).

[7] A.B. Arbuzov, V. Fadin, E. Kuraev, L. Lipatov, N. Merenkov and L. Trentadue, CERN preprint CERN-TH/95-313, to be published in Nucl.Phys. B.

[8] L.N. Lipatov, Sov. J. Nucl. Phys. 20, 94 (1974);

G. Altarelli and G. Parisi, Nucl. Phys. B126, 298 (1977);

E.A. Kuraev, and V.S. Fadin, Sov. J. Nucl. Phys. 41, 466 (1985), preprint INP 84–44, Novosibirsk, 1984;

O. Nicrosini and L. Trentadue, Phys. Lett. 196B, 551 (1987). M. Skrzypek, Acta Phys. Pol. B23, 135 (1992).

[9] H. Cheng, T.T. Wu, Phys. Rev. 187, 1868 (1969);

E.A. Kuraev, L.N. Lipatov, N.P. Merenkov, Phys. Lett. 47B, 33 (1973); V.S. Fadin, E.A. Kuraev, L.N. Lipatov et al., Yad. Fiz. 56, 145 (1993).

[10] R. Barbieri, J.A. Mignaco and E. Remiddi, Il Nuovo Cimento 11A, 824,865 (1972).

[11] V.S. Fadin, E.A. Kuraev and N.P. Merenkov, Sov. J. Nucl. Phys. 45, 486 (1987).

[12] V.N. Baier, V.S. Fadin, V. Khoze and E.A. Kuraev, Phys. Rep. 78, 294 (1981).

[13] N.P. Merenkov, Sov. J. Nucl. Phys. 48, 1073 (1988).

[14] A.B. Arbuzov, E. Kuraev, N. Merenkov and L. Trentadue, ZhETF, 108 (1995) 1164;

preprints CERN–TH/95–241, JINR E2–95–110, Dubna, 1995.

Figure Captions Fig.1: The ratios a) δ^{2γ}_{nonleading}/δ_{tot}, b) δ^{e+e} � /δ_{tot} and c) (δ^{3γ} + δ^{e+e}

�_γ

)/δ_{tot} as functions of x_c for θ_1 = 1.6^∘, θ_2 = 2.8^∘ and √ s = 91.161. Fig.2: Behaviour of a) δ^{γγ}_{leading} (solid line) and δ^{γγ}_{leading} + δ^{γγ}_{nonleading} (dashed line), b) δ^γ_{leading} (solid line) and δ^γ_{leading} + δ^γ_{nonleading} (dashed line) as functions of x_c (parameters are as in Fig.1).

Fig.3: Corrected cross-section of Bhabha scattering according to eq.(6) as a function of x_c: a) σ_0+O(α) corrections, b) with O(α^2L^2) photonic corrections added, c) with all other corrections (see eq.(4)) added. σ_0 is the Born cross–section. For the parameters of as in Fig.1 one has σ_0 = 106.33 nb.

Table 1: Per cent values of δ^i as defined in eq.(4) for √ s = 91.161 GeV, θ_1 = 1.61^∘, θ_2 = 2.8^∘, sin^2 θ_W = 0.2283, Γ_Z = 2.4857 GeV. Quantity δ^{2γ} is equal to the sum δ^{γγ} + δ^γ (see eq.(4)).

x_c δ_0 δ^γ δ^{2γ}_{leading} δ^{2γ}_{nonleading} δ^{e+e}� δ^{e+e}�^γ δ^{3γ} ∑ δ^i 0.1 4.120 −8.918 0.657 0.162 −0.016 −0.017 −0.019 −4.031±0.006 0.2 4.120 −9.226 0.636 0.156 −0.027 −0.011 −0.016 −4.368±0.006 0.3 4.120 −9.626 0.615 0.148 −0.033 −0.008 −0.013 −4.797±0.006 0.4 4.120 −10.147 0.586 0.139 −0.039 −0.005 −0.010 −5.356±0.006 0.5 4.120 −10.850 0.539 0.129 −0.044 −0.003 −0.006 −6.115±0.006 0.6 4.120 −11.866 0.437 0.132 −0.049 −0.002 −0.001 −7.229±0.006 0.7 4.120 −13.770 0.379 0.130 −0.057 −0.001 0.005 −9.194±0.006 0.8 4.120 −17.423 0.608 0.089 −0.069 0.001 0.013 −12.661±0.006 0.9 4.120 −25.269 1.952 −0.085 −0.085 0.005 0.017 −19.379±0.006

Figure 1: The ratios a) δ^{2γ}_{nonleading}/δ_{tot}, b) δ^{e+e} � /δ_{tot} and c) (δ^{3γ} + δ^{e+e}

�_γ

)/δ_{tot} as functions of

x_c for s^{1/2} = 91.161 GeV and θ_1 = 1.6^∘, θ_2 = 2.8^∘.

Figure 2: Behaviour of a) δ^{γγ}_{leading} (solid line) and δ^{γγ}_{leading} + δ^{γγ}_{nonleading} (dashed line), b) δ^γ_{leading} (solid line) and δ^γ_{leading} + δ^γ_{nonleading} (dashed line) as functions of x_c (parameters are as in Fig.1).

Figure 3: Corrected cross–section of Bhabha scattering according to eq.(6) as a function of x_c: a) σ_0 + O(α) corrections, b) with O(α^2L^2) photonic corrections added, c) with all other corrections added, where σ_0 is the Born cross–section. For the parameters of as in Fig.1 one has σ_0 = 106.33 nb.