SFB/CPP-11-36 TTP11-18

Heavy quark and gluino potentials to two loops

Tim Collet and Matthias Steinhauser

Institut für Theoretische Teilchenphysik Karlsruhe Institute of Technology (KIT)

76128 Karlsruhe, Germany

Abstract

The static potentials for systems of a heavy quark and anti-quark, two gluinos and a quark and a gluino are computed for all possible colour configurations of a SU(N_c) gauge group.

PACS numbers: 12.38.Bx, 12.38.-t, 14.65.-q

The potential energy between two heavy quarks is one of the fundamental quantities of the strong interaction and has been in the focus of the theoretical investigations already in the early days of QCD [1]. The potential arises in a natural way when considering the nonrelativistic limit of a heavy quark and anti-quark system as an ingredient of the resulting Schrödinger-like equations (see Ref. [2] for a review). Thus, the potential constitutes a crucial input whenever the production of heavy particles is considered at threshold or bound state properties are calculated. Examples of Standard Model processes are the production of top quark pairs in electron positron collisions for a center-of-mass energy in the vicinity of twice the mass or the invariant-mass distribution of tt̄ pairs at hadron colliders. Furthermore, one should also mention the evaluation of the energy levels and corrections to the wave function for heavy quark bounds states like the Υ or Ψ systems.

As far as processes beyond the Standard Model are concerned there have been recent publications where bound states of two gluinos, the massive super partners of the gluons, have been examined. Again, the corresponding potential, which has been used to two-loop order, plays a crucial role [3,4]. Similarly, in Ref. [5] the threshold production of a gluinosquark pair is considered. The required potential can be obtained from the quark-gluino potential which is discussed below.

In this Letter we systematically compute the potentials of all colour configurations of a quark-anti-quark, gluino-gluino and quark-gluino bound state. To be precise, we consider the heavy-particle systems given in Tab. 1 and compute the potentials for the corresponding colour decomposition.

bound state colour representation irreducible representations

qq̄ 3 ⊗ ¯3 1 ⊕ 8

g̃g̃ 8 ⊗ 8 1 ⊕ 8_S ⊕ 8_A ⊕ 10 ⊕ 10 ⊕ 27 ⊕ R_7

qg̃ 3 ⊗ 8 1 ⊕ 6 ⊕ 15

Table 1: Heavy-particle systems and their colour decomposition into irreducible representations. The subscripts “S” and “A” distinguish the symmetric and anti-symmetric octet representations.

Note that in our framework both the heavy quark q and gluino g̃ are treated as external static colour sources added to the (massless) dynamical degrees of freedom of QCD. Thus except for colour there is no difference in the treatment of the gluino and the quark. As a consequence the potential of an anti-quark and a gluino is identical to the qg̃ potential.

One comment concerning the colour decomposition of the g̃g̃ potential is in order: As it is common practice we consider only the combination of 10 ⊕ 10. Furthermore, the colour structure R_7 is only non-vanishing for N_c ≠ 3 and thus it is not relevant for QCD [6–10].

We define the various potentials introduced above as follows

V^{[c]}_{ij} (μ^2 = ⃗q^2) = −C^{[c]}

4πα_s(⃗q^2) ⃗q^2 [ 1 + α_s(⃗q^2) 4π a_1 + ( α_s(⃗q^2) 4π )_2 ( a_2 + δa^{[c]}_{2,ij} )] , (1)

where ij ∈ {qq̄, g̃g̃, qg̃} and c defines the colour state as given in Tab. 1. The renormalization scale is set to μ^2 = ⃗q^2 to suppress the trivial renormalization group terms on the r.h.s. of Eq. (1). For the potential V^{[10]}_{g̃g̃} we have to modify Eq. (1) slightly since there is no tree and one-loop contribution. Thus we write

V^{[10]}_{g̃g̃} (μ^2 = ⃗q^2) = −

4πα_s(⃗q^2) ⃗q^2 ( α_s(⃗q^2) 4π )_2 δa^{[10]}_{2,g̃g̃} . (2)

In Eq. (1) the coefficients a_1 and a_2 are the one- and two-loop corrections which are already present in the singlet contribution of the qq̄ potential. They have been computed in Refs. [11–15] and can be found in Ref. [16] including higher order terms in (d − 4) (where d is the space-time dimension). The three-loop coefficient a_3 has been computed in Refs. [16–18]. In less than four dimensions the static potential has recently been studied in Ref. [19], see also [20], and the N = 4 supersymmetric Yang-Mill theory has been considered in Ref. [21].

At tree-level and at one-loop order the only difference among the various potentials is due to the overall colour factor. At two-loop order we have introduced the quantity δa^{[c]}_{2,ij} which parametrizes the difference to the singlet result. It is currently only known for V^{[8]}_{qq̄} [22].

Furthermore, also for V^{[1]}_{g̃g̃} the two-loop corrections have been computed [4, 23] with the result δa^{[c]}_{2,g̃g̃} = 0. (In Ref. [23] also the three-loop term of V^{[1]}_{g̃g̃} has been evaluated.) In this Letter we present the two-loop results for all remaining potentials listed in Tab. 1.

For the calculation we have employed standard techniques which include the automatic generation of the diagrams, the classification into different families of integrals, the application of projectors [6–10] and the reduction to master integrals using the Laporta algorithm [24–26]. The latter have been taken over from Ref. [27]. The colour factors have been computed with the help of the program color [28]. We have performed the calculation for general gauge parameter and have checked that it drops out in the final result.

The standard techniques for the evaluation of the loop integrals appearing at one and two loops (see, e.g., Refs. [20, 27]) can only be applied in a straightforward way to the singlet case since there, apart from light-fermion contributions, only the maximally non-Abelian parts contribute. In particular, no diagrams involving pinches occur, i.e. the integrals do not contain propagators of the form 1/(k_0 + i0) × 1/(k_0 − i0) where k is a loop momentum. However, for the non-trivial colour configurations also such contributions have to be taken into account. The corresponding integrals are evaluated by either exploiting the exponentiation of the colour singlet potential or by carefully evaluating the potential in coordinate space starting from the Wilson loop definition. Both methods are described in detail in Refs. [20, 22]. In this Letter we have checked that they lead to the same result.

In Tab. 2 we present our results for C^{[c]} and δa^{[c]}_{2,ij} for SU(N_c). Note that δa_2 is zero for the singlet contributions but also for gluino bound states in the symmetric octet configuration. One furthermore obtains a vanishing result for the representation 6 (qg̃) when specifying to QCD, i.e., setting N_c = 3. It is remarkable that all non-vanishing contributions are proportional to the same combination (π^4 −12π^2) with a prefactor depending of the colour state.

As far as the numerical importance of δa_2 is concerned one can compare the results in the last column of Tab. 2 with a_2 for the bottom and top system given by

a_2(n_l = 4) ≈ 211.1 , a_2(n_l = 5) ≈ 155.8 . (3)

(The corresponding numbers for a_1 are 5.889 and 4.778, respectively.) In some cases one observes a significant reduction of the two-loop coefficient (see, e.g., the 27 configuration for n_l = 4 where a_2 + δa^{[10]}_{2,g̃g̃} ≈ 0.8) whereas in other cases the large value of a_2 is even further increased.

To conclude, in this Letter the quark-anti-quark, gluino-gluino and quark-gluino potentials have been computed for all possible colour configurations up to two loops. In all cases it is possible to identify the two-loop coefficient a_2 originating from the quark-anti-quark singlet potential. The additional contributions are given by a colour factor times (π^4 − 12π^2).

ij c C^{[c]} δa^{[c]}_{2,ij} δa^{[c]}_{2,ij} (N_c = 3) qq̄ 1^{(N 2c −1)}_{2Nc} 0 0 8 −^1_{2Nc} N^2_c (π^4 − 12π^2) −189.2 g̃g̃ 1 N_c 0 0 8_S^{Nc}_2 0 0 8_A^{Nc}_2 −6 (π^4 − 12π^2) 126.2 10 — −^{3Nc}_2 (π^4 − 12π^2) 94.62 27 −1^1_2 (N_c + 2) (N_c + 1) (π^4 − 12π^2) −210.3 R_7 1^1_2 (N_c − 2) (N_c − 1) (π^4 − 12π^2) — qg̃ 3^{Nc}_2 − (π^4 − 12π^2) 21.03 6^1_2^1_2 N_c (N_c − 3) (π^4 − 12π^2) 0 15 −^1_2^1_2 N_c (N_c + 3) (π^4 − 12π^2) −189.2

Table 2: Results for the C^{[c]} and δa^{[c]}_{2,ij} for the various colour configurations. In the right column we set N_c = 3 and evaluate δa^{[c]}_{2,ij} numerically. Note that c = 10 refers to the combination 10 ⊕ 10. Furthermore, R_7 has dimension zero for N_c = 3.

Acknowledgements

We would like to thank Matthias Kauth, Johann Kühn and Alexander Penin for many useful discussions and communications. This work was supported by the Deutsche Forschungsgemeinschaft through the SFB/TR-9 “Computational Particle Physics”.

References

[1] T. Appelquist and H. D. Politzer, Phys. Rev. Lett. 34 (1975) 43. [2] N. Brambilla et al. [Quarkonium Working Group], arXiv:hep-ph/0412158. [3] K. Hagiwara and H. Yokoya, JHEP 0910 (2009) 049 [arXiv:0909.3204 [hep-ph]]. [4] M. R. Kauth, J. H. Kühn, P. Marquard and M. Steinhauser, Nucl. Phys. B 831 (2010) 285 [arXiv:0910.2612 [hep-ph]]; M. R. Kauth, J. H. Kühn, P. Marquard and M. Steinhauser, in preparation.

[5] M. R. Kauth, A. Kress and J. H. Kühn, in preparation.

[6] J. Bartels, Z. Phys. C 60 (1993) 471.

[7] N. N. Nikolaev, W. Schafer and B. G. Zakharov, Phys. Rev. D 72 (2005) 114018 [arXiv:hep-ph/0508310].

[8] Yu. L. Dokshitzer and G. Marchesini, JHEP 0601 (2006) 007 [arXiv:hepph/0509078].

[9] A. Kovner and M. Lublinsky, JHEP 0702 (2007) 058 [arXiv:hep-ph/0512316]. [10] P. Cvitanovic, “Group theory: Birdtracks, Lie’s and exceptional groups,” Princeton, USA: Univ. Pr. (2008) 273 p [11] W. Fischler, Nucl. Phys. B 129 (1977) 157. [12] A. Billoire, Phys. Lett. B 92 (1980) 343.

[13] M. Peter, Phys. Rev. Lett. 78 (1997) 602 [arXiv:hep-ph/9610209]. [14] M. Peter, Nucl. Phys. B 501 (1997) 471 [arXiv:hep-ph/9702245]. [15] Y. Schroder, Phys. Lett. B 447 (1999) 321 [arXiv:hep-ph/9812205]. [16] A. V. Smirnov, V. A. Smirnov and M. Steinhauser, Phys. Lett. B 668 (2008) 293 [arXiv:0809.1927 [hep-ph]].

[17] A. V. Smirnov, V. A. Smirnov and M. Steinhauser, Phys. Rev. Lett. 104 (2010) 112002 [arXiv:0911.4742 [hep-ph]].

[18] C. Anzai, Y. Kiyo and Y. Sumino, Phys. Rev. Lett. 104 (2010) 112003 [arXiv:0911.4335 [hep-ph]].

[19] A. Pineda and M. Stahlhofen, Phys. Rev. D 81 (2010) 074026 [arXiv:1002.1965 [hepth]].

[20] Y. Schroder, “The static potential in QCD”, PhD thesis (1999), University of Hamburg.

[21] A. Pineda, Phys. Rev. D77, 021701 (2008). [arXiv:0709.2876 [hep-th]]. [22] B. A. Kniehl, A. A. Penin, Y. Schroder, V. A. Smirnov and M. Steinhauser, Phys.

Lett. B 607 (2005) 96 [arXiv:hep-ph/0412083].

[23] C. Anzai, Y. Kiyo and Y. Sumino, Nucl. Phys. B 838 (2010) 28 [arXiv:1004.1562 [hep-ph]].

[24] S. Laporta and E. Remiddi, Phys. Lett. B 379 (1996) 283 [arXiv:hep-ph/9602417]. [25] S. Laporta, Int. J. Mod. Phys. A 15 (2000) 5087 [arXiv:hep-ph/0102033].

[26] A. V. Smirnov, JHEP 0810 (2008) 107 [arXiv:0807.3243 [hep-ph]]. [27] V. A. Smirnov and M. Steinhauser, Nucl. Phys. B 672 (2003) 199 [arXiv:hepph/0307088].

[28] T. van Ritbergen, A. N. Schellekens and J. A. M. Vermaseren, Int. J. Mod. Phys. A 14 (1999) 41 [arXiv:hep-ph/9802376].