arXiv:hep-ph/0302186 v1 20 Feb 2003

CERN-TH/2003-034

Lepton-flavor-violating decays L → lγγ as a new probe of supersymmetry with broken R-parity^∗

Alexander Gemintern,^† Shaouly Bar-Shalom,^‡ and Gad Eilam^§ Technion–Israel Institute of Technology,

32000 Haifa, Israel

Frank Krauss^¶ Theory Division, CERN CH-1211 Geneva 23, Switzerland (Dated: February 20, 2003)

Lepton-flavor-violating decays of the type L → lγγ (μ → eγγ, τ → eγγ, and τ → μγγ) are proposed as new probes of R-parity-violating supersymmetry. Non-penguin diagrams with a sneutrino that decays into two photons via a triangle graph might trigger such decays even in the absence of the corresponding radiative decays into one photon only, e.g. μ → eγ. Thus, processes of the type L → lγγ may provide an independent probe of new flavor physics.

PACS numbers: 12.60.Jv, 13.35.-r, 13.35.Bv

Supersymmetry (SUSY) is one of the most promising candidates for new physics, curing some of the shortcomings of the Standard Model (SM), for instance, the emergence of quadratic divergences in the Higgs sector [1]. Despite its appealing theoretical features, however, there is so far no experimental evidence for SUSY up to the electroweak scale. Apart from direct evidence, i.e. direct production and decays of SUSY particles, indirect probes could be employed to search for SUSY, i.e. processes in which the SUSY particles emerge virtually either in loops or as tree-level mediators. In this respect Flavor-Changing Neutral Current (FCNC) or Lepton-Flavor-Violating (LFV) processes are a natural searching ground for SUSY, since the SM background to such processes is either loop-suppressed (FCNC) or does not exist (LFV).

In this paper the effects of new physics on a class of LFV processes, L → lγγ, are investigated, in which a lepton decays radiatively into a lighter one plus two photons. As an example, R-Parity-Violating (RPV) SUSY is discussed.

In the conventional RPV framework, the SUSY superpotential is supplemented with new RPV interaction terms that are either baryon- or lepton-number-violating [2, 3]. For the purpose of this paper, only the following leptonnumber-violating operators are relevant:

W_{RP V} ⊃ 1 2 λ_{ijk}ϵ_{ab}L̂^a_i L̂^b_jÊ^c_k + λ^′_{ijk}ϵ_{ab}L̂^a_i Q̂^b_jD̂^c_k , (1) where Q̂ and L̂ are SU(2) doublet quark and lepton supermultiplets, respectively, and D̂^c and Ê^c denote the SU(2) singlet down-type quark and lepton supermultiplet; i, j, k = 1, 2, 3 label the generations and a, b are the SU(2) indices that are responsible for the antisymmetric property λ_{ijk} = −λ_{jik}.

Within the framework of RPV SUSY, μ → eγ (and τ → eγ, τ → μγ) can be mediated by penguin-like diagrams of the type depicted in Fig. 1. Depending on the RPV couplings involved, the particles running in the loop are either quark–squark, or lepton–slepton. The process L → lγ, where L and l are leptons of generations i and j, respectively, is then proportional to either λ_{imn}λ_{jmn} or λ_{mni}λ_{mnj} or λ^′_{imn}λ^′_{jmn} [4].

So far, very little attention has been devoted to L → lγγ, under the assumption that it is always suppressed with respect to L → lγ. An exception to this rule is discussed in [5], where a leptoquark model in which L → lγγ is much larger than L → lγ is presented. Note that their model yields BR(μ → eγγ) < 10^{−18}; see also [6]. In general, an additional photon can easily be accommodated - one just has to add a photon to the diagram in Fig. 1 and obtain the λ-reducible diagrams shown in Fig. 2a (they are reducible in the sense that, after removing a photon line from L → lγγ, a legitimate RPV diagram for L → lγ is obtained). Obviously processes mediated through such diagrams do not provide any further information on the corresponding RPV couplings, since they differ only by kinematic factors and by an extra electromagnetic coupling.

∗Work supported in part by the EC 5th framework, contract number HPMF-CT-2002-01663 †phcga@physics.technion.ac.il ‡shaouly@physics.technion.ac.il §eilam@physics.technion.ac.il ¶Frank.Krauss@cern.ch

FIG. 1: A penguin diagram responsible for the decays L → lγ in RPV SUSY. The photon can couple to any line provided it is charged. RPV couplings are symbolized by a blob.

FIG. 2: The topology of (a) λ-reducible and (b) λ-irreducible diagrams for L → lγγ.

However, it is quite possible that the decay L → lγ does not exist, or its rate is too small to be observed, whereas the decay L → lγγ still has an appreciable rate. This could be the case if, for instance, all products of the type λλ and λ^′λ^′ are much smaller than products of the type λλ^′, in which case the λ-irreducible topology of Fig. 2b may give rise to a much larger rate than the λ-reducible diagrams of Fig. 2a.

For example, if λ_{122} and λ^′_{233} are the only non-vanishing lambdas, then Γ(μ → eγ) = 0 while Γ(μ → eγγ) ≠ 0. Accordingly, such RPV coupling product combinations can be detected or constrained by the measured upper limit on the branching ratio of μ → eγγ, which is at present 7.2 × 10^{−11} [7, 8]. No experimental limits exist so far for the analogous decays of the τ -lepton.

There are proposals to measure (or constrain) the branching ratios of such SM-forbidden decays of the μ down to branching ratios of the order of 10^{−14} [9], 10^{−15} [10] or even down to 10^{−18} [11]. This highlights the phenomenological impact of LFV muon decays.

A general basis of effective operators describing the decays L → lγγ with the topology of Fig. 2, i.e. L → lS_k → lγγ, will be constructed first. Here S_k is a scalar particle of type k and i, j are generation indices of L, l, respectively. The momentum notation L(p) → l(p^′)γ(k)γ(k^′) will be used.

The amplitude can be defined as

M_{L→lγγ} = 2∑ n=1 ∑ P=L,R C^P_{n(ijkm)}O^P_n , (2) where m is the family index of the fermion that runs in the loop, and the index k corresponds to the intermediate scalar. Also, C^L_{n(ijkm)}, C^R_{n(ijkm)} are Wilson-like coefficients with L(R) = (1 − (+)γ_5)/2, and

O^L_1 = [ū_l(p^′)Lu_L(p)] ( k · k^′g^{λν} − k^{′λ}k^ν ) ϵ^∗_λϵ^{′∗}_ν

O^L_2 = [ū_l(p^′)Lu_L(p)] iε^{λνρσ}k_ρk^′_σϵ^∗_λϵ^{′∗}_ν (3)

are effective operators. If the incoming lepton is right-handed, then L → R in (3). In the framework of RPV SUSY with a sneutrino (ν̃_k) exchange, the Wilson coefficients are given by:

C^L_{1;2(ijkm)}; C^R_{1;2(ijkm)}(ℓ_m in the loop) = 0; α 4π iλ^⋆_{kji}λ_{kmm} m_{ℓm} M^2_{ν̃k} · [ f_{1/2}(x); g_{1/2}(x) ] , C^L_{1;2(ijkm)}; C^R_{1;2(ijkm)}(d_m in the loop) = 0; N_cQ^2_d α 4π iλ^⋆_{kji}λ^′_{kmm} m_{dm} M^2_{ν̃k} · [ f_{1/2}(x); g_{1/2}(x) ] , (4)

where M_{ν̃k} is the mass of the kth generation sneutrino and m_f , f = ℓ or d, is the mass of the fermion of generation m that runs in the loop. Furthermore N_c = 3, Q_d = 1/3 and the abbreviation x = 2m^2_f /k · k^′ is being used. For diagrams with a charge-conjugate sneutrino (ν̃^⋆) exchange, in (4) C^L_{1;2(ijkm)} ↔ C^R_{1;2(jikm)} (i.e. with λ^⋆_{kji} → λ^⋆_{kij}) and M_{ν̃k} → M_{ν̃}⋆_k . The functions f_{1/2} and g_{1/2} (originating from the loop integral of the triangle) are given by

f_{1/2}(x) = −2x [ 1 + (1 − x) arcsin^2 ( 1 √ x )] , g_{1/2}(x) = 2x arcsin^2 ( 1 √ x ) . (5)

The emergence of these functions reflects the different structure of the integral related to the parity of the couplings of the fermion in the loop. The subscripts refer to the spin of the particle running in the triangle. Note that when x < 1, the arcsin (1/ √ x) develops an imaginary part, which corresponds to the loop particle residing on its mass shell.

In what follows, results will be given for both constituent and current light quark masses: m_d = 300 MeV, m_s = 450 MeV, m_b = 4.5 GeV, and m_d = 10 MeV, m_s = 120 MeV, m_b = 4.2 GeV, respectively. We believe that using constituent quark masses makes more sense, since for our case here, it would allow the decay μ → edd̄, for current d quarks [12].

For the case of the muon decay, μ → eγγ, and for either down quarks with constituent masses or for the τ -lepton running in the loop, the relation m^2_f > m^2_μ > k · k^′ holds. Then, the limit m^2_f ≫ k · k^′ (m_f = m_d, m_s, m_b or m_τ ) provides a good approximation. Therefore, the loop integral functions can be replaced with their x → ∞ limits, f_{1/2}(x → ∞) = −^4_3 and g_{1/2}(x → ∞) = 2. Using this approximation, decay widths are given by

Γ(μ → eγγ) |_m2_{f ≫k·k}′ ≃ A^{fS}_{RP V} (α π )_2 1

256π^3

13m^7_μ 4320m^2_f M^4_S

, (6)

where f = d_i (i = 1, 2, 3 for d, s or b, respectively) or f = τ is the fermion in the loop and S = ν̃_k or ν̃^⋆_k (k = 1, 2 or 3), is the scalar responsible for the flavor changing transition μ → e. Also A^{τν̃k}_{RP V} =| λ_{k12}λ_{k33} |^2 , A^{τν̃⋆k}_{RP V} =| λ_{k21}λ_{k33} |^2 , A^{diν̃k}_{RP V} =| λ_{k12}λ^′_{kii} |^2 /9 , A^{diν̃⋆k}_{RP V} =| λ_{k21}λ^′_{kii} |^2 /9 . (7) The branching ratios scaled by the relevant RPV couplings for single particles running in the triangle are given in Table I. In the spirit of this paper, only such down quarks and leptons running in the triangle are considered that would not give rise to the decay L → lγ, i.e., only those leptons that cannot generate the λ-reducible-type diagrams.

Comparing the current limit BR(μ → eγγ) < 7.2 × 10^{−11} [7] with the estimate for the maximal possible branching ratio for this decay mode in Table I, in conjunction with the existing bounds on the relevant RPV coupling products as given in Table II, it can be argued that, at present, μ → eγγ does not impose any new constraints on the RPV SUSY parameter space. However, the situation will improve with the much more stringent experimental constraints that can be anticipated: on the third row of Table II the expected sensitivity of μ → eγγ to the relevant RPV coupling products is exhibited, assuming that future experiments will be sensitive to BR(μ → eγγ)^<∼ 10^{−14}, see e.g. [9].

For the case of τ -decays, taking the existing bounds on the relevant RPV coupling products into account, the largest branching ratio is obtained for τ → μγγ with an s-quark in the loop. In particular, for |λ_{233}λ^′_{322}| = 0.01 (its upper bound, see [13]), m_s = 450 MeV and M_{ν̃} = 100 GeV, BR(τ → μγγ) ∼ 10^{−10}. This result is by far smaller than the typical present limits on τ decay branching ratios, which are of the order of 10^{−7}, see e.g. [14]. Moreover, planned experiments [15], which will produce about 5 × 10^8 taus per year, will also be insensitive to the decays τ → lγγ.

A few remarks are in order to conclude the discussion of the branching ratios:

Loop BR(μ → eγγ)/|λλ^′|^2 BR(τ → eγγ)/|λλ^′ |^2 BR(τ → μγγ)/|λλ^′|^2 particle ν̃k ν̃^⋆_k ν̃k ν̃^⋆_k ν̃k ν̃^⋆_k ⇓ (λ^⋆_{k12} λ^′_{kmm} ) (λ^⋆_{k21} λ^′_{kmm} ) (λ^⋆_{k13}λ^′_{kmm} ) (λ^⋆_{k31}λ^′_{kmm} ) (λ^⋆_{k23}λ^′_{kmm} ) (λ^⋆_{k32}λ^′_{kmm} ) d (m = 1) 1.3 × 10^{−8} (4.1 × 10^{−6}) 8.7 × 10^{−7} (5.6 × 10^{−8} ) 8.5 × 10^{−7} (5.5 × 10^{−8}) s (m = 2) 5.5 × 10^{−9} (8.2 × 10^{−8}) 7.6 × 10^{−7} (6.0 × 10^{−7} ) 7.4 × 10^{−7} (5.9 × 10^{−7}) b (m = 3) 5.5 × 10^{−11} (6.3 × 10^{−11}) 2.8 × 10^{−9} (3.2 × 10^{−9} ) 2.7 × 10^{−9} (3.1 × 10^{−9}) Loop BR(μ → eγγ)/|λλ|^2 BR(τ → eγγ)/|λλ|^2 BR(τ → μγγ)/|λλ|^2 particle ν̃k ν̃^⋆_k ν̃k ν̃^⋆_k ν̃k ν̃^⋆_k ⇓ (λ^⋆_{k12} λkmm ) (λ^⋆_{k21} λkmm ) (λ^⋆_{k13} λkmm ) (λ^⋆_{k31} λkmm ) (λ^⋆_{k33} λkmm ) (λ^⋆_{k32} λkmm) e (m = 1) μ → eγ possible τ → eγ possible 8.9 × 10^{−9} μ (m = 2) μ → eγ possible 5.0 × 10^{−6} τ → μγ possible τ (m = 3) 3.2 × 10^{−9} τ → eγ possible τ → μγ possible

TABLE I: Branching ratios, scaled by the appropriate RPV couplings and for mν̃_k = 100 GeV or m_{ν̃}⋆_k = 100 GeV, for each loop particle. Results for quarks with both constituent and current (in parentheses) masses are given. Also indicated in this table are the relevant index combinations for the RPV coupling products when either a sneutrino or a charge-conjugate sneutrino is exchanged.

RPV coupling Current limit Expected sensitivity from BR(μ → eγγ) < 10^{−14} From [19] From [2, 20] λ122 λ233 none 3 × 10^{−3 c, d} 1.8 × 10^{−3} λ121 λ133 none 2 × 10^{−4 c, e} 1.8 × 10^{−3} λ122 λ^′_{211} 4.1 × 10^{−9 a} 4 × 10^{−8 f} 8.8 × 10^{−4} (4.9 × 10^{−5}) λ132 λ^′_{311} 4.1 × 10^{−9 a} 4 × 10^{−8 f} 8.8 × 10^{−4} (4.9 × 10^{−5}) λ121 λ^′_{111} 4.1 × 10^{−9 a} 4 × 10^{−8 f} 8.8 × 10^{−4} (4.9 × 10^{−5}) λ231 λ^′_{311} 4.1 × 10^{−9 a} 4 × 10^{−8 f} 8.8 × 10^{−4} (4.9 × 10^{−5}) λ122 λ^′_{222} 7.7 × 10^{−9 a,b} 9 × 10^{−3 c, g} 1.4 × 10^{−3} (3.5 × 10^{−4}) λ132 λ^′_{322} 7.7 × 10^{−9 a,b} 0.012^{d, h} 1.4 × 10^{−3} (3.5 × 10^{−4}) λ121 λ^′_{122} 7.7 × 10^{−9 a,b} 2.1 × 10^{−3 c} 1.4 × 10^{−3} (3.5 × 10^{−4}) λ231 λ^′_{322} 7.7 × 10^{−9 a,b} 0.012^{d, h} 1.4 × 10^{−3} (3.5 × 10^{−4}) λ122 λ^′_{233} none 7.4 × 10^{−3 c, e} 0.014 (0.013) λ132 λ^′_{333} none 0.016^{d,i} 0.014 (0.013) λ121 λ^′_{133} none 6.9 × 10^{−5 c, e} 0.014 (0.013) λ231 λ^′_{333} none 0.016^{d,i} 0.014 (0.013)

TABLE II: Current limits and expected sensitivity to RPV coupling products from future experiments. Limits are given for sparticle masses of 100 GeV. The limits shown on the fourth column scale as mν̃ /100 [GeV], see text. aFrom μ → e conversion in nuclei.

bThis limit depends strongly on the strange-quark content in the nucleon and is, therefore, model-dependent. In particular, if the strange quark content in the nucleon is consistent with zero (see e.g. [21]), then this limit does not apply. cFrom charged current universality. dFrom Γ(τ → eνν̄)/Γ(τ → μνν̄). eFrom neutrino masses.

fFrom μ → e conversion in nuclei [22].

gFrom BR(D^+ → K̄^{0∗}μ^+ ν_μ)/BR(D^+ → K̄^{0∗}e^+ ν_μ). hFrom D^0 − D̄^0 mixing. Model-dependent. iFrom Γ_{had}(Z^0)/Γ_{lep}(Z^0 ).

• There is also a second possibility for L → lγγ of the λ-irreducible type to proceed: through the soft SUSYbreaking RPV terms [16] C_{ijk}L̃_iL̃_jẼ^c_k or C^′_{ijk}L̃_iQ̃_jD̃^c_k and slepton or squark in the loop. In this case the sneutrino couples to a pair of sleptons or down squarks of different helicity index, i.e. ν̃f̃_Lf̃_R, where f̃ is a slepton or down squark, while the photons couple to f̃_Lf̃_L or to f̃_Rf̃_R. Assuming for simplicity that the f̃_Lf̃_R mixing is of O(1) and setting C_{ijk} ≡ M_{SUSY} C̃_{ijk}, C^′_{ijk} ≡ M_{SUSY} C̃^′_{ijk}, the width for L → lγγ is (for m^2_{f̃} /m^2_L ≫ 1 and m^2_l /m^2_L ≪ 1):

Γ(L → lγγ) ≃ Ã^{ijf̃S}_{RP V} ( α π )_2 1

256π^3

Q^4_{f̃} 8640 m^7_LM^2_{SUSY} m^4_{f̃} m^4_S

, (8) where f̃ = ℓ̃ with Q_{f̃} = −1 or f̃ = d̃ with Q_{f̃} = −1/3 if the sparticle in the loop is a slepton or down squark, respectively, and S = ν̃ or ν̃^⋆. Also,

Ã^{ijℓ̃mν̃k} RP V =| C̃kmmλkij | 2 , Ã^{ijℓ̃mν̃⋆k} RP V =| C̃kmmλkji | 2 , Ã^{ijd̃mν̃k} RP V = 9 | C̃ ′ kmmλ_{kij} |^2 , Ã^{ijd̃mν̃⋆k}_{RP V} = 9 | C̃^′_{kmm}λ_{kji} |^2 . (9) Here m, k = 1, 2, 3 denote the family of the slepton (ℓ̃) or down squark (d̃) and sneutrino or antisneutrino, respectively.

Plugging in numbers (e.g., setting M_{SUSY} = m_{ℓ̃m} = m_{ν̃k} = 100 GeV), BR(μ → eγγ) ∼| C̃_{kmm}λ_{k12} |^2 3.7×10^{−14} and BR(τ → eγγ) ∼| C̃_{kmm}λ_{k13} |^2 1.9 × 10^{−12}. Both values are much smaller than the ones obtained with fermions in the loop.

• If an RPV bilinear term exists, i.e. BL̃H_u [16], then L → lγγ can also proceed via the λ-irreducible topology with one trilinear (λ) and one bilinear (B) RPV insertion. Therefore, the decay would be ∝ λ × B. In this case the off-shell sneutrino emitted from the decaying lepton mixes with the down-type Higgs boson, which then goes into the two photons with the well known (see e.g. [17]) one-loop SUSY amplitude for H → γγ (with the replacement m^2_H → 2k · k^′). This possibility will be investigated in detail elsewhere [18].

• Another set of related processes that may be generated through the same λ-irreducible diagrams are τ → (e, μ)gg.

Work on these processes is in progress [18].

• The τ -decays τ → (μ, e)γγ of the λ-irreducible type that are considered in this paper, with the lepton loop, have tree-level “analogs” that probe identical combinations of lambdas: τ → μee and τ → μμe [23]. However, the contribution from lepton loops is not necessarily the largest one: it was found above that the dominant contribution stems from the s-quark loop, for which the branching ratio can amount to up to O(10^{−10}) (for τ → μγγ), taking into account the current constraints [13], which are obtained from processes of the type τ → l + hadrons.

• As it can be seen from the Table, μ − e conversion in nuclei is a strong rival to our processes. However, couplings that involve b quark and τ lepton (and perhaps s quark) are beyond the reach of μ − e conversion experiments. Although our bounds on such processes are weak, they will strengthen if PRISM experiment will come into action.

In this paper a new class of lepton flavor-violating-processes, L → lγγ has been presented and discussed that might appear even if the corresponding decay into one photon only is suppressed or not existing at all. The underlying mechanism for such decays is the decay of the heavy lepton into the lighter one and a virtual scalar particle that goes into the two photons via a triangle diagram. Hence, such processes might probe the flavor structure of leptons coupling to these scalar particles that are a common feature of many models for new physics. Branching ratios for such decays have been calculated within the framework of R-parity-violating supersymmetry with sneutrinos as the scalar particles. Imposing RPV bounds emerging from other processes, the resulting branching ratios are well below current observation thresholds. However, for a planned new round of experiments, especially for μ decays, these processes - if they exist - might shed light on potential new physics or in turn might help to set more stringent exclusion bounds.

Acknowledgments

A.G. acknowledges financial support by DAAD and thanks G. Soff and the members of his group at the Dresden Technical University for providing an atmosphere conducive to research during his visit in Dresden. S.B.S. would like to thank S. Roy for helpful discussions. This work is supported by the Israel Science Foundation and by the VPR Fund for the Promotion of Research at the Technion.

[1] For reviews see e.g. H.E. Haber and G.L. Kane, Phys. Rep. 117, 75 (1985); S.P. Martin, in Perspectives on Supersymmetry (edited by G.L. Kane), World Scientific, 1998, p. 1. For a recent review see G.L. Kane, hep-ph/0202185.

[2] H. Dreiner, in Perspectives on Supersymmetry (edited by G.L. Kane), World Scientific, 1998, p. 462.

[3] P. Roy, in Seoul 1997, Pacific particle physics phenomenology, p. 10; G. Bhattacharyya, Nucl. Phys. Proc. Suppl.

52A, 83 (1997).

[4] M. Chaichian and K. Huitu, Phys. Lett. B384, 157 (1996); K. m. Cheung and O. C. Kong, Phys. Rev. D 64, 095007 (2001); A. de Gouvea, S. Lola and K. Tobe, Phys. Rev. D 63, 035004 (2001); M. Frank, Phys. Rev. D 62, 015006 (2000).

[5] A.A. Gvozdev, A.V. Kuznetsov, N.V. Mikheev and L.A. Vassilevskaya, Phys. Lett. B345, 490 (1995). [6] J.D. Bowman, T.P. Cheng, L.-F. Li and H.S. Matis, Phys. Rev. Lett. 41, 442 (1978). [7] K. Hagiwara et al., Phys. Rev. D66, 010001 (2002). [8] R.D. Bolton et al (Crystal Box Collab.), Phys. Rev. 38, 2077 (1988).

[9] S.M. Korenchenko, Phys. Atom. Nucl. 61, 1175 (1998); T. Mori et al., Search for μ^+ → e^+ γ down to 10^{−14} branching ratio, 1999, proposal to PSI (http://meg.web.psi.ch/docs/prop psi/index.html); Y. Kuno and Y. Okada, Rev. Mod. Phys. 73, 151 (2001).

[10] J. Äystö et al., hep-ph/0109217.

[11] Y. Kuno, TN026 in http://www-prism.kek.jp/technotes/ index.html .

[12] For example, we note that in: J.O. Eeg, K. Kumerički and I. Picek, Eur. Phys. J. C17, 163 (2000), constituent masses were used.

[13] J. P. Saha and A. Kundu, Phys. Rev. D66, 054021 (2002). [14] Y. Yusa et al. for the Belle collaboration, hep-ph/0211017. [15] A.K. Çiftçi, E. Recepoğlu, S. Sultansoy and Ö. Yavaş, hep-ex/0201044.

[16] See e.g., Y. Grossman and H.E. Haber, Phys. Rev. D59, 093008 (1999); A. Abada, S. Davidson and M. Losada, Phys.

Rev. D65, 075010 (2002).

[17] J. F. Gunion, H.E. Haber, G.L. Kane and S. Dawson, The Higgs Hunter’s Guide, Addison-Wesley Publishing Company, 1990.

[18] A. Gemintern, PhD thesis (in preparation).

[19] A. Faessler, T.S. Kosmas, S. Kovalenko and J.D. Vergados, Nucl. Phys. B587, 25 (2000). [20] B.C. Allanach, A. Dedes and H.K. Dreiner, Phys. Rev. D60, 075014 (1999).

[21] C. Michael, C. McNeile and D. Hepburn (UKQCD Collaboration), Nucl. Phys. Proc. Suppl. 106, 293 (2002). [22] K. Huitu, J. Maalampi, M. Raidal and A. Santamaria, Phys. Lett. B430, 355 (1998). [23] D. Choudhury and P. Roy, Phys. Lett. B378, 153 (1996).