arXiv:hep-ph/0601246 v1 30 Jan 2006

Two-loop QED Corrections to Bhabha Scattering

R. Bonciani^{a∗} and A. Ferroglia^b

aDepartament de Física Teòrica, IFIC, CSIC – Universitat de València, E-46071 València, Spain

bPhysikalisches Institut, Albert-Ludwigs-Universität Freiburg, D-79104 Freiburg, Germany

Recent developments in the calculation of the NNLO corrections to the Bhabha scattering differential cross section in pure QED are briefly reviewed and discussed.

1. Status of the NNLO corrections

Bhabha scattering, e^+e^− → e^+e^−, is a crucial process in the phenomenology of particle physics. Its relevance is mainly due to the fact that it is the process employed to determine the luminosity L at e^+e^− colliders: in fact, L = N_{Bhabha} /σ_{th}, where N_{Bhabha} is the rate of Bhabha events and σ_{th} is the Bhabha scattering cross section calculated from theory.

Two kinematic regions are of special interest for the luminosity measurements, since in these regions the Bhabha scattering cross section is comparatively large and QED dominated. At colliders operating at c. m. energies of O(100 GeV), the relevant kinematic region is the one in which the angle between the outgoing particles and the beam line is of few degrees. This, for instance, was the case at LEP, where the luminometers were located between 50 and 100 mrad, and it will be also the case at the future ILC (luminometers between 25 and 80 mrad [1]). At machines operating at c. m. energies of the order of 1 − 10 GeV, the region of interest is instead the one in which the scattering angle is large; as an example, at KLOE, the luminosity measurement involves Bhabha scattering events that take place at angles between 55^∘ and 125^∘ [2]. Moreover, the large angle Bhabha scattering will be employed at the ILC in order to study the beam

∗This work was supported by the European Union under the contract HPRN-CT2002-00311 (EURIDICE) and by MCYT (Spain) under Grant FPA2004-00996, by Generalitat Valenciana (Grants GRUPOS03/013 and GV05/015).

beam effects that lead to a non monochromatic luminosity spectrum [3].

Experimentally, Bhabha scattering is measurable with a very high accuracy. At LEP, the experimental error on the luminosity measurement was 4 · 10^{−4} [4]. At ILC it is expected to be of the same order of magnitude or better (the goal of the TESLA forward calorimeter collaboration is to reach, in the first year of run, an experimental error of 1 · 10^{−4} [5]). This remarkable accuracy requires, as a counterpart, an equally precise theoretical calculation of the Bhabha scattering cross section, in order to keep the luminosity error small. Therefore, radiative corrections to the basic process have to be under control.

In order to match the detector geometry and experimental cuts of any particular machine, a Monte Carlo event generator is needed. In the recent past, several groups have been working on Monte Carlo generators for Bhabha scattering, in both the large-angle and small-angle kinematic regions. The LEP theoretical simulations of Bhabha events were based on BHLUMI [6], whose theoretical error, mainly due to missing higher order corrections, is estimated to be 4.5 · 10^{−4} (see for instance [7]). The KLOE collaboration employs the Monte Carlo event generators BABAYAGA [8] and BHAGENF [9], which have an estimated theoretical error of 5 · 10^{−3}; within the error claimed, they are in agreement with each other. Moreover, BHWIDE [10] and MCGPJ [11] provided valuable checks. All the mentioned Monte Carlo programs for Bhabha scattering employ the mass of the electron as a

1 cut-off for collinear divergences; this is to be taken into account when calculating NLO (O(α^3)) and NNLO (O(α^4)) corrections to the cross section.

The complete O(α^3) corrections to Bhabha scattering, in the full Electroweak Standard Model, have been known for a long time [12]. The corrections of O(α^4) to the differential cross section in the Standard Model are not yet known. In recent years, several papers were devoted to the study of NNLO corrections in pure QED. In [13,14,15] the second order radiative corrections, both virtual and real, enhanced by factors of ln^n(s/m^2) (with n = 1, 2, s the c. m. energy squared, and m the mass of the electron) where studied. The complete set of these corrections was finally obtained in [16]. This was achieved by employing the QED virtual corrections for massless electron and positrons of [17] and the results of [18], as well as by using the known structure of the IR poles in dimensional regularization [19]. In [20], the complete set of photonic O(α^4) corrections to the differential cross section that are not suppressed by positive powers of the ratio m^2/s was calculated. The virtual corrections of O(α^4) involving a closed fermion loop, together with the corresponding soft-photon emission corrections, were obtained in [21]; no mass expansion or approximation was employed, and the result retains the full dependence on the electron mass m. The calculation was performed by means of the Laporta-Remiddi algorithm [22] which takes advantage of the integration by parts [23] and Lorentz-invariance [24] identities in order to reduce the problem to the calculation of a small set of master integrals. The master integrals were calculated using the differential equations method [25]; their expression in terms of harmonic polylogarithms [26] is given in [27]. Several papers deal with the unapproximated calculation of the master integrals necessary for the evaluation of the photonic NNLO corrections [28]; in particular, the reduction to master integrals of these corrections is complete, and only the master integrals related to the two-loop boxes have not yet been all evaluated. The status of the calculation of these master integrals is discussed in [29]. In [30], finally, the unapproximated calculation of the photonic vertex contributions to the O(α^4)

0 5e-06

1e-05

1.5e-05

2e-05

0.02 0.04 0.06 0.08 0.1 0.12 0.14 E (GeV)

D_{NF =1}(θ, E)

10^∘ 90^∘

Figure 1. D_{NF=1} as a function of the beam energy, for θ = 10^∘ (solid line) and θ = 90^∘ (dashed line). The soft-photon energy cut-off is set equal to E.

Bhabha scattering cross section, as well as the calculation of the subset of radiative corrections due to the interference of one-loop diagrams (already considered in [31]) was completed. A few papers discuss the leading NNLO weak corrections to Bhabha scattering cross section [32].

In summary, the complete NNLO corrections to Bhabha scattering in the full Standard Model are still far from being completely known. Concerning the pure QED contributions, from a phenomenological point of view, all the numerically relevant corrections to the NNLO differential cross section are known, with the only exception of the ones arising from the production of soft pairs, for which only the terms enhanced by ln^n(s/m^2) with n = 1, 2 are present. If we consider instead the exact fixed order calculation, the situation is less satisfactory. The unapproximated two-loop QED photonic box contributions are still missing. Moreover, it would be interesting to evaluate the corrections arising from diagrams with closed loops of heavier fermions (like muons or taus).

2. The Small Mass Limit

At the colliders mentioned above, the mass of the electron is very small in comparison with the c. m. energy. Therefore, it is reasonable to expect that it can be safely ignored except in the

0 5e-06

1e-05

1.5e-05

2e-05

0.04 0.06 0.08 0.1 0.12 0.14 E (GeV)

D_{Vertices} (θ, E)

10^∘ 90^∘

Figure 2. D_{Vertices} as a function of the beam energy, for θ = 10^∘ (solid line) and θ = 90^∘ (dashed line). The soft-photon energy cut-off is set equal to E.

terms where it acts as a cut-off for collinear divergencies, as it was done in obtaining the results of [20]. For the set of corrections obtained in [21] and [30], for which unapproximated analytic results are available, it is possible to determine the numerical relevance of the terms suppressed by positive powers of the ratio m^2/s as a function of the beam energy.

This analysis is performed in [30]. The three contributions taken into account are the one arising from graphs with a closed fermion loop (N_F = 1), the photonic corrections involving at least a vertex graph (Vertices), and the interference of one-loop box diagrams (Box Box). For each contribution, the quantity

D_i = (α π )_2 | | | | | ( dσ^{(i)}_2 dΩ − dσ^{(i)}_2 dΩ | | | | |_L )| | | | × ( dσ_0 dΩ + ( α π ) dσ_1 dΩ )_{−1} , (1)

with i = (N_F = 1), Vertices, Box Box, is plotted as a function of the beam energy E. In Eq. (1), dσ^{(i)}_2 /dΩ is the unapproximated O(α^4) correction to the cross section taken into account. It includes the contribution of the virtual diagrams and the one of the corresponding diagrams with the emission of up to two soft photons (with energy smaller than the cut-off ω). dσ^{(i)}_2 /dΩ|_L is

-1e-06 0 1e-06

2e-06

3e-06

4e-06

0.04 0.06 0.08 0.1 0.12 0.14 E (GeV)

D_{Box Box} (θ, E)

10^∘ 90^∘

Figure 3. D_{Box Box} as a function of the energy, for θ = 10^∘ (solid line) and θ = 90^∘ (dashed line). The soft-photon energy cut-off is set equal to E.

the same quantity as dσ^{(i)}_2 /dΩ, aside for the fact that the terms proportional to positive powers of the ratio m^2/s are neglected.

In Figs. 1, 2 and 3 the functions D_i, evaluated for two different sample angles (10^∘ and 90^∘), are shown. It is clear that the approximation in which terms proportional to positive powers of the ratio m^2/s are neglected is extremely good already at energies that are significantly smaller than the ones encountered in e^+e^− experiments.

The NNLO corrections arising from the twoloop photonic boxes are not taken into account in this analysis, since unapproximated result for that set of corrections are not available. Nevertheless, it is reasonable to expect in the m^2/s → 0 limit a behavior similar to the one of the other NNLO corrections.

3. Results

In Fig. 4 all the QED contributions to the O(α^4) Bhabha scattering cross section known at the moment are plotted as a function of the scattering angle. Terms suppressed by positive powers of the ratio m^2/s were neglected.

The dotted line represents the photonic corrections [16,20]. The corrections of O(α^4(N_F = 1)) [21] (dashed line) have, for this choice of ω (ω = E), an opposite sign with respect to the photonic ones. Moreover they include large terms propor-

-0.004

-0.002 0 0.002

0.004

0.006

0.008

0.01

0 20 40 60 80 100 120 140 160 180 θ

Penin dσ^{(NF =1)} 2 /dσ_0 dσ^{(NF =1+P )} 2 /dσ_0 dσ^{tot}_2 /dσ_0

Figure 4. Photonic, N_F = 1, and total contributions to the cross section at order α^4. The beam energy is chosen equal to 0.5 GeV and the softphoton energy cut-off ω is set equal to E.

tional to ln^3(s/m^2) that cancel out once the contribution of the soft pair production is included. Concerning the latter, only the terms proportional to ln^n(s/m^2) (n = 1, 2, 3) are known (see [15]). The dashed-dotted line in the figure represents the sum of the O(α^4(N_F = 1)) cross section with the known terms of the pair production corrections^2. The solid line, finally, is the complete order α^4 QED Bhabha scattering cross section, including photonic, N_F = 1 and pair production contributions.

To conclude, we presented the status of the NNLO QED corrections to the Bhabha scattering differential cross section, paying particular attention to the phenomenological relevance of the terms that are suppressed by positive powers of the ratio m^2/s. It turns out that, in view of the precision required by present and future experiments, the NNLO QED corrections can not be

2 The pair production contribution depends upon a cut-off on the energy of the soft electron-positron pair. In the numerical evaluation of Fig. 4 we set

ln(D) = 1 2 ln ( 4Ω^2 s ) , (2)

with ln(D) defined in [15] and Ω numerically equal to the soft-photon cut-off: Ω = ω.

neglected, and should be included in the Monte Carlo event generators.

4. Acknowledgment

The authors wish to thank the participants of RADCOR05 in particular A. Penin, C. Carloni Calame, S. Jadach and L. Trentadue for useful discussions. Special thanks to the organizers.

REFERENCES

1. K. Mönig, Bhabha scattering at the ILC, Bhabha Mini-Workshop, Karlsruhe University, April 21-22, 2005.

2. A. Denig, Bhabha scattering at DAΦNE:

the KLOE luminosity measurement, Bhabha Mini-Workshop, Karlsruhe University, April 21-22, 2005.

3. N. Toomi, J. Fujimoto, S. Kawabata, Y. Kurihara and T. Watanabe, Phys. Lett. B 429 (1998) 162. J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], arXiv:hep-ph/0106315.

4. G. Abbiendi et al. [OPAL Collaboration], Eur. Phys. J. C 14 (2000) 373.

R. Barate et al. [ALEPH Collaboration], Eur. Phys. J. C 14 (2000) 1.

5. A. Stahl, LC-DET-2005-004 6. S. Jadach, W. Placzek, E. Richter-Was, B. F. L. Ward and Z. Was, Comput. Phys. Commun. 102 (1997) 229.

7. S. Jadach, arXiv:hep-ph/0306083. 8. C. M. Carloni Calame, C. Lunardini, G. Montagna, O. Nicrosini and F. Piccinini, Nucl. Phys. B 584 (2000) 459.

C. M. Carloni Calame, G. Montagna, O. Nicrosini and F. Piccinini, Nucl. Phys. Proc. Suppl. 131 (2004) 48.

9. F. A. Berends and R. Kleiss, Nucl. Phys. B 228 (1983) 537.

F. A. Berends, R. Kleiss and W. Hollik, Nucl. Phys. B 304 (1988) 712.

10. S. Jadach, W. Placzek and B. F. L. Ward, Phys. Lett. B 390 (1997) 298.

W. Placzek, S. Jadach, M. Melles, B. F. L. Ward and S. A. Yost, arXiv:hep-ph/9903381.

11. A. B. Arbuzov, G. V. Fedotovich, E. A. Kuraev, N. P. Merenkov, V. D. Rushai and L. Trentadue, JHEP 9710 (1997) 001.

12. M. Consoli, Nucl. Phys. B 160 (1979) 208.

M. Bohm, A. Denner and W. Hollik, Nucl. Phys. B 304 (1988) 687.

13. G. Faldt and P. Osland, Nucl. Phys. B 413 (1994) 64; Nucl. Phys. B 413 (1994) 16 [Erratum-ibid. B 419 (1994) 404]. A. B. Arbuzov, E. A. Kuraev and B. G. Shaikhatdenov, Mod. Phys. Lett. A 13 (1998) 2305.

A. B. Arbuzov, E. A. Kuraev, N. P. Merenkov and L. Trentadue, Nucl. Phys. B 474 (1996) 271.

14. V. S. Fadin, E. A. Kuraev, L. Trentadue, L. N. Lipatov and N. P. Merenkov, Phys. Atom. Nucl. 56 (1993) 1537 [Yad. Fiz. 56N11 (1993) 145].

15. A. B. Arbuzov, E. A. Kuraev, N. P. Merenkov and L. Trentadue, Phys. Atom. Nucl. 60 (1997) 591 [Yad. Fiz. 60N4 (1997) 673].

16. E. W. N. Glover, J. B. Tausk and J. J. Van der Bij, Phys. Lett. B 516 (2001) 33.

17. Z. Bern, L. J. Dixon and A. Ghinculov, Phys.

Rev. D 63 (2001) 053007.

18. R. Barbieri, J. A. Mignaco and E. Remiddi, Nuovo Cim. A 11 (1972) 824; Nuovo Cim. A 11 (1972) 865.

19. S. Catani, Phys. Lett. B 427 (1998) 161. 20. A. A. Penin, Phys. Rev. Lett. 95 (2005) 010408; Nucl. Phys. B 734 (2006) 185.

21. R. Bonciani, A. Ferroglia, P. Mastrolia, E. Remiddi and J. J. van der Bij, Nucl. Phys. B 701 (2004) 121; Nucl. Phys. B 716 (2005) 280.

22. S. Laporta and E. Remiddi, Phys. Lett. B 379 (1996) 283.

S. Laporta, Int. J. Mod. Phys. A 15 (2000) 5087.

23. F. V. Tkachov, Phys. Lett. B 100 (1981) 65.

G. Chetyrkin and F. V. Tkachov, Nucl. Phys. B 192 (1981) 159.

24. T. Gehrmann and E. Remiddi, Nucl. Phys. B 580 (2000) 485.

25. A. V. Kotikov, Phys. Lett. B 254 (1991) 158;

Phys. Lett. B 259 (1991) 314; Phys. Lett. B 267 (1991) 123.

E. Remiddi, Nuovo Cim. A 110 (1997) 1435. M. Caffo, H. Czyz, S. Laporta and E. Remiddi, Acta Phys. Polon. B 29 (1998) 2627; Nuovo Cim. A 111 (1998) 365.

26. A.B.Goncharov, Math. Res. Lett. 5 (1998), 497-516.

D. J. Broadhurst, Eur. Phys. J. C 8 (1999) 311.

E. Remiddi and J. A. M. Vermaseren, Int. J. Mod. Phys. A 15 (2000) 725.

T. Gehrmann and E. Remiddi, Comput. Phys. Commun. 141 (2001) 296; Nucl. Phys. B 601 (2001) 248; Nucl. Phys. B 640 (2002) 379; Comput. Phys. Commun. 144 (2002) 200.

D. Maitre, arXiv:hep-ph/0507152.

27. R. Bonciani, P. Mastrolia and E. Remiddi, Nucl. Phys. B 661 (2003) 289 [Erratum-ibid. B 702 (2004) 359]; Nucl. Phys. B 676 (2004) 399; R. Bonciani, A. Ferroglia, P. Mastrolia and E. Remiddi, Nucl. Phys. B 681 (2004) 261 [Erratum-ibid. B 702 (2004) 364];

28. V. A. Smirnov, Phys. Lett. B 524 (2002) 129.

G. Heinrich and V. A. Smirnov, Phys. Lett. B 598 (2004) 55.

M. Czakon, J. Gluza and T. Riemann, Nucl. Phys. Proc. Suppl. 135 (2004) 83. Phys. Rev. D 71 (2005) 073009.

29. T. Riemann, M. Czakon and J. Gluza, Massive Two-Loop Bhabha Scattering, to appear on the Proceedings to RADCOR05, 2-7 October 2005, Shonan Village, Japan.

30. R. Bonciani and A. Ferroglia, Phys. Rev. D 72 (2005) 056004.

31. J. Fleischer, T. Riemann, O. V. Tarasov and A. Werthenbach, Nucl. Phys. Proc. Suppl. 116 (2003) 43.

32. D. Y. Bardin, W. Hollik and T. Riemann, Z.

Phys. C 49 (1991) 485.

V. S. Fadin, L. N. Lipatov, A. D. Martin and M. Melles, Phys. Rev. D 61, 094002 (2000). J. H. Kuhn, A. A. Penin and V. A. Smirnov, Eur. Phys. J. C 17, 97 (2000); Nucl. Phys. Proc. Suppl. 89, 94 (2000).

J. H. Kuhn, S. Moch, A. A. Penin and V. A. Smirnov, Nucl. Phys. B 616, 286 (2001) [Erratum-ibid. B 648, 455 (2003)].