arXiv:1112.3548v3 [hep-ph] 23 Feb 2012

LPT Orsay 11-125

A Higgs boson near 125 GeV with enhanced di-photon signal in the NMSSM

Ulrich Ellwanger

Laboratoire de Physique Théorique, UMR 8627, CNRS and Université de Paris–Sud, Bât. 210, 91405 Orsay, France

Abstract

A natural region in the parameter space of the NMSSM can accomodate a CPeven Higgs boson with a mass of about 125 GeV and, simultaneously, an enhanced cross section times branching ratio in the di-photon channel. This happens in the case of strong singlet-doublet mixing, when the partial width of a 125 GeV Higgs boson into b b̄ is strongly reduced. In this case, a second lighter CP-even Higgs boson is potentially also observable at the LHC.

1 Introduction

Based on the analysis of 5 fb^{−1} of data at the LHC, the ATLAS [1] and CMS [2] collaborations have presented evidence for a Higgs boson with a mass in the 125 GeV range. The relevant search channels are H → γ γ, H → Z Z^∗ → 4l, H → W W^∗ → 2l 2ν and to some extend (at CMS) H → τ τ. Interestingly, the best fit to the signal strength σ^{γγ} = σ_{prod} × BR(H → γ γ) in the γ γ search channel is by about one standard deviation larger than expected in the Standard Model (SM) for both collaborations: σ^{γγ} /σ^{γγ}_{SM} ∼ 2 (ATLAS), and σ^{γγ} /σ^{γγ}_{SM} ∼ 1.7 (CMS). Of course, the present evidence for a Higgs boson is not (yet?) sufficiently significant in order to consider its existence as assured, even less is the excess in the H → γ γ channel a proof for a non-SM-like Higgs boson.

A relatively light Higgs boson (with a mass not too far above the LEP bound of ∼ 114 GeV) is a genuine prediction of supersymmetric extensions of the SM which remain consistent up to a Grand Unification (GUT) scale of about 10^{16} GeV, in particular in the Minimal Supersymmetric extension (MSSM) with a minimal Higgs sector consisting of two SU(2) doublets H_u and H_d. In fact, in the MSSM the solution of the fine tuning problem offered by supersymmetry works the better, the lighter is the mostly SM-like Higgs boson.

Still, the parameter space of the MSSM allows to describe a Higgs boson with a mass in the 125 GeV range if certain combinations of the stop masses, stop mixings, tan β and the parameter M_A (essentially the heavy Higgs masses) are large enough [3–12]. This implies a fine tuning within the MSSM parameter space of the order of 1% [13], or extra matter [14]. An enhancement of σ^{γγ} /σ^{γγ}_{SM} may be possible in the presence of light staus [8].

The Next-to-Minimal Supersymmetric Standard Model (NMSSM) [15–19] is the simplest supersymmetric (Susy) extension of the SM with a scale invariant superpotential, i. e. where the only dimensionful parameters are the soft Susy breaking terms. No supersymmetric Higgs mass term μ as in the MSSM is required, since it is generated dynamically by the vacuum expectation value (vev) of a gauge singlet superfield S and a coupling λSH_uH_d in the superpotential. Together with the neutral components of the two SU(2) doublet Higgs fields H_u and H_d of the MSSM, one finds three neutral CP-even Higgs states in this model. These three states mix in the form of a 3 × 3 mass matrix and, accordingly, the physical eigenstates are superpositions of the neutral CP-even components of H_u, H_d and S. In general, the couplings of the physical states to gauge bosons, quarks and leptons can differ considerably from the corresponding couplings of a SM Higgs boson. The possible alleviation in the NMSSM of the “little fine tuning problem” in the Higgs sector of the MSSM has been studied in [21] in the light of 2 fb^{−1} of data at the LHC, and in the light the recent evidence for a Higgs mass of about 126 GeV in [13] (although mostly for large values of λ, implying new strong interactions below the GUT scale).

In most of the parameter space of the NMSSM, the physical Higgs spectrum contains a heavy CP-even state, a heavy CP-odd state and a charged Higgs boson which are nearly degenerate as in the MSSM with a common mass ∼ M_A. However, the lighter doublet-like CP-even state (corresponding to the SM-like Higgs boson H_{SM} ) can mix strongly with the real part of S and form eigenstates with reduced couplings to gauge bosons, quarks and leptons [15, 16, 19, 20, 22–30]. In this case, possibly both eigenstates are visible at the LHC (see [30], where a second visible state with reduced couplings in the 140 − 150 GeV range has been studied, and refs. therein).

It is well known that, for small values of tan β, the coupling λSH_uH_d in the superpotential leads to a positive contribution to the mass squared of the SM-like Higgs boson H_{SM} relative to the MSSM [15,16,19]. However, H_{SM} − S mixing has an additional impact on the physical spectrum: if the diagonal mass term m^2_{SS} is larger than the one of H_{SM} , the mixing reduces the mass of H_{SM} ; if the diagonal mass term m^2_{SS} is smaller than the one of H_{SM} , the mixing leads to an additional increase of the mass of H_{SM} . In this latter case, the mass of the lighter eigenstate H_1 can be well below 114 GeV and compatible with constraints from LEP [31], if its reduced signal strength ξ^2_1 ≡ ḡ_1^2 × BR(H_1 → bb̄) is small enough. (Here ḡ_1 is the reduced coupling of H_1 to the Z boson normalized with respect to the SM, and BR(H_1 → bb̄) is the branching ratio into bb̄ normalized with respect to the SM.)

In addition, H_{SM} −S mixing can lead to an increase of the branching ratio BR(H_i → γ γ) of one of the eigenstates H_i with respect to the SM: if the coupling to b b̄ and hence the partial decay width into b b̄ (which is close to the total width Γ_{T ot}) is strongly reduced with respect to the SM, BR(H_i → γ γ) = Γ(H_i → γ γ)/Γ_{T ot} is correspondingly enhanced. This phenomenon has been discussed in the context of the lighter eigenstate H_1 in [32], but is equally possible for the heavier eigenstate as will be discussed below. In view of the latest LHC results, the possible enhancement of BR(H_i → γ γ) in the NMSSM was also discussed in [13], and a Higgs mass near 125 GeV in the constrained NMSSM – but without enhancement of BR(H_i → γ γ) – in [33].

In the next Section we will study a region of the parameter space of the NMSSM with a scale invariant superpotential, which leads naturally to an eigenstate H_2 after H_{SM} − S mixing with a mass in the 124 − 127 GeV range. Its BR(H_2 → γ γ) is always enhanced with respect to the SM. The lighter eigenstate H_1 has a mass in the 70 − 120 GeV range, compatible with LEP constraints, and is potentially also observable at the LHC. In Section 3 we conclude and summarize the possibilities allowing to distinguish this scenario from the SM and/or the MSSM.

2 Implications of H_{SM} − S mixing in the NMSSM in the light of recent and future LHC results

The NMSSM differs from the MSSM due to the presence of the gauge singlet superfield S. In the simplest Z_3 invariant realisation of the NMSSM, the Higgs mass term μH_uH_d in the superpotential W_{MSSM} of the MSSM is replaced by the coupling λ of S to H_u and H_d and a self-coupling κS^3. Hence, in this simplest version the superpotential W_{NMSSM} is scale invariant, and given by: W_{NMSSM} = λŜĤ_u · Ĥ_d + κ 3 Ŝ^3 + . . . , (1)

where hatted letters denote superfields, and the dots denote the MSSM-like Yukawa couplings of Ĥ_u and Ĥ_d to the quark and lepton superfields. Once the real scalar component of Ŝ develops a vev s, the first term in W_{NMSSM} generates an effective μ-term

μ_{eff} = λ s . (2)

A constraint |μ_{eff} | >∼ 100 GeV follows from the non-observation of higgsino-like charginos at LEP.

The soft Susy breaking terms consist of mass terms for the Higgs bosons H_u, H_d and S, and trilinear interactions (omitting squarks and sleptons)

− L_{Soft} = m^2_{Hu} |H_u|^2 + m^2_{Hd} |H_d|^2 + m^2_S |S|^2 + ( λA_λ H_u · H_d S + 1 3 κA_κ S^3 ) +h.c. . (3)

Expressions for the mass matrices of the physical CP-even and CP-odd Higgs states – after H_u, H_d and S have assumed vevs v_u, v_d and s and including the dominant radiative corrections – can be found in [19] in will not be repeated here. As compared to two independent parameters in the Higgs sector of the MSSM at tree level (often chosen as tan β and M_A), the Higgs sector of the NMSSM is described by the six parameters

λ , κ , A_λ , A_κ, tan β = v_u/v_d , μ_{eff} . (4)

Alternatively, the parameter A_λ can be replaced by the MSSM-like parameter

M^2_A =

2μ_{eff} B_{eff} sin 2β

, (5)

where B_{eff} = A_λ + κs.

Subsequently we are interested in regions of the parameter space where the soft Susy breaking terms are not very large (in order to avoid large fine tuning), but they have to comply with the present non-observation of sparticles at the LHC. In the gaugino, squark and slepton sectors we make the following choice, motivated to a certain extend by the renormalization group running from the GUT scale down to the weak scale (although the precise values are not very important): bino, wino and gluino masses M_1=175 GeV, M_2=350 GeV and M_3=1000 GeV respectively, squark masses of 1200 GeV (but 800 GeV for the third generation), slepton masses of 300 GeV, A_t = A_b = −1000 GeV.

In the Higgs sector we have to keep in mind that the soft Susy breaking masses m^2_{Hu} , m^2_{Hd} and m^2_S are determined implicitely (through the minimization equations of the scalar potential) in terms of M_Z , tan β and μ_{eff} . Large values of m^2_{Hu} , m^2_{Hd} and m^2_S are avoided if μ_{eff} , M_A and tan β are relatively small. (Large values of tan β require small tuned values for B_{eff} in the NMSSM, unless |m^2_{Hu} | and/or |m^2_{Hd} | are large.) Hence we choose μ_{eff} = 140 GeV, M_A = 300 GeV and 1.7 < tan β < 2 leading to A_λ ∼ 140 − 200 GeV. Then, the interesting regions of the remaining parameters λ, κ and A_κ are determined by the conditions that i) one of the physical eigenstates in the CP-even Higgs sector (actually always H_2) has a mass in the 124 − 127 GeV range, and ii) the lighter eigenstate H_1 is not in conflict with LEP constraints. The density of viable points is particularly large for 0.5 < λ < 0.6, 0.3 < κ < 0.4 and −250 GeV < A_κ < −200 GeV. Of course, viable points outside this range exist as well, but these will not invalidade our subsequent conclusions.

A corresponding scan in parameter space is performed with the help of the code NMSSM- Tools [17, 34]; we employed the version 3.0.2 which is includes radiative corrections to the Higgs sector from [35]. Only points respecting constraints on the Higgs sector from LEP and from B physics are retained. We find that about 50% of all points in this region of parameter space respect these phenomenological constraints, and ∼ 5 − 6% (∼ 550 out of

10000) lead to a Higgs boson H_2 with a mass in the 124 − 127 GeV range. (Of course, measurements always reduce the allowed regions in parameter space.)

The couplings of the Higgs states depend on their decompositions into the CP-even weak eigenstates H_d, H_u and S, which are given by

H_1 = S_{1,d} H_d + S_{1,u} H_u + S_{1,s} S , H_2 = S_{2,d} H_d + S_{2,u} H_u + S_{2,s} S . (6)

Then the reduced tree level couplings (relative to a SM-like Higgs boson) of H_i to b quarks, τ leptons, t quarks and electroweak gauge bosons V are g_{Hibb} g_{HSM bb} = g_{Hiτ τ} g_{HSM τ τ} = S_{i,d} cos β , g_{Hitt} g_{HSM tt} = S_{i,u} sin β , ḡ_i ≡ g_{HiV V} g_{HSM V V} = cos β S_{i,d} + sin β S_{i,u} . (7)

For the low values of tan β considered here, the couplings of Higgs bosons to gluons (relevant for their production) and to photons are induced by loop diagrams dominated by top-quark loops. As stated above, the branching ratios into two photons can be enhanced, if the coupling to b-quarks is reduced, which is the case if S_{i,d} is small.

Subsequently we are interested in the signal strength σ^{γγ}_2 = σ_{prod} × BR(H_2 → γ γ) relative to the SM, R^{γγ}_2 = σ^{γγ}_2 /σ^{γγ}_{SM} . R^{γγ}_2 is the product of two factors: i) the reduced coupling of H_2 to gluons, which is essentially given by g_{H2tt}/g_{HSM tt} (but contributions from non-SM particles in the loop are taken into account), and ii) the BR(H_2 → γ γ), the branching ratio of H_2 into γ γ normalized with respect to the corresponding branching ratio of a SM-like Higgs boson of the same mass.^1 BR(H_2 → γ γ) can be considerably larger than 1. In Fig. 1 we show R^{γγ}_2 as function of S^2_{2,d} for ∼ 550 points in the region of the parameter space of the NMSSM described above, in which M_{H2} is in the 124 − 127 GeV range. We see that R^{γγ}_2 is always larger than 1.1, with an expected dependence on S^2_{2,d}.

If one modifies somewhat the soft Susy breaking squark and slepton masses (and trilinear couplings A) at the weak scale, the parameters can be mapped to a semi-constrained version of the NMSSM together with non-universal soft Higgs masses at the GUT scale as studied in [33] (where additional regions in the parameter space of the NMSSM with M_{H1} or M_{H2} ∼ 124 . . . 127 GeV have been found). One obtains M_{1/2} ∼ 500 GeV, m_0 ∼ 500 . . . 700 GeV, A_0 ∼ −900 . . . − 950 GeV, for the soft terms involving the singlet m_S ∼ 1 TeV, A_λ ∼ −400 GeV, A_κ ∼ −300 GeV, and for the soft Higgs masses m_{Hu} ∼ 1.5 TeV, m_{Hd} ∼ m_0. Due to the low value of tan β (leading to a relatively large value of the top Yukawa coupling h_t) and the large values of λ, κ at the weak scale, all 3 Yukawa couplings are of O(1) at the GUT scale: h_t ∼ 1.2 . . . 1.3, λ ∼ 1.3 . . . 1.7, κ ∼ 0.7 . . . 1.0.^2 The fact that all 3 Yukawa couplings are close to (but just below) a Landau singularity at the GUT scale is intriguing.

1The branching ratios of SM-like Higgs bosons are computed in a subroutine hadecay.f within NMSSM- Tools, such that radiative corrections are included at the same level of accuracy. In fact, QCD corrections cancel in the ratio of branching ratios NMSSM/SM. The routines for the branching ratios of NMSSM- and SM-like Higgs bosons are based on modified versions of HDECAY [36].

2For such large Yukawa couplings, the solution of renormalization group equations for the running parameters with boundary conditions both at the weak and the GUT scale is a delicate issue leading to convergence problems. In fact, the public version of the code NMSPEC inside NMSSMTools [37] has to be modified for a study of this region.

Figure 1: The relative signal rate R^{γγ}_2 = σ^{γγ}_2 /σ^{γγ}_{SM} as function of S^2_{2,d}, for H_2 with a mass in the 124 − 127 GeV range for about 550 points in the parameter space of the NMSSM described in the text

Next we turn to the lighter Higgs boson H_1 in this scenario. Its mass is in the 70 − 120 GeV range. The most relevant search channels in this mass range are again the γ γ mode, but also H_1 → τ τ (with H_1 produced by vector boson fusion, VBF) and, to some extent, H_1 → b b̄ with H_1 produced in association with W or Z bosons. The reduced signal strength in the γ γ mode, R^{γγ}_1 = σ^{γγ}_1 /σ^{γγ}_{SM} , can be obtained as above. The reduced signal strength in the τ τ mode and VBF, R^{τ τ}_1 = σ^{τ τ}_1 /σ^{τ τ}_{SM} , is the product of the reduced coupling ḡ^2_1 of H_1 to the electroweak gauge bosons, and the BR(H_1 → τ τ), the branching ratio of H_1 into τ τ normalized with respect to the corresponding branching ratio of a SM-like Higgs boson of the same mass. (The reduced signal strength in the b b̄ mode is practically the same as R^{τ τ}_1 , since it is again proportional to the coupling to electroweak gauge bosons, and the branching ratio into b b̄ remains proportional to the branching ratio into τ τ.)

In Fig. 2 we show R^{γγ}_1 and R^{τ τ}_1 as function of M_{H1} . We see that R^{γγ}_1 is not enhanced,

Figure 2: The relative signal rate R_1 = R^{γγ}_1 = σ^{γγ}_1 /σ^{γγ}_{SM} (red triangles) and R_1 = R^{τ τ}_1 = σ^{τ τ}_1 /σ^{τ τ}_{SM} (black crosses) as function of M_{H1} , for about 550 points in the parameter space of the NMSSM described in the text

but mostly strongly reduced due to the small coupling of H_1 to two gluons, which is not compensated by an enhanced branching ratio into two photons in this case. Hence, except perhaps for M_{H1} >∼ 110 GeV, the prospects for a discovery of H_1 in this channel are not rosy. Likewise, R^{τ τ}_1 (≃ R^{bb̄}_1 ) is not enhanced, but not as small as R^{γγ}_1 . Actually the upper bound on R^{τ τ}_1 coincides with the upper LEP bound on ξ^2_1 ≡ ḡ_1^2 × BR(H_1 → bb̄) as function of M_H [31], which is not astonishing given that BR(H_1 → b b̄) ∼ BR(H_1 → τ τ). Hence, although a discovery of H_1 in the τ τ channel (or b b̄ mode) is not guaranteed, this is not excluded in particular after future high luminosity runs of the LHC or if its mass is in the 110 − 120 GeV range.

3 Conclusions

We have presented a natural region in the parameter space of the NMSSM, where the NMSSM-specific coupling λ and mixing effects push up the mass of a CP-even Higgs boson into the 124−127 GeV range without the need for excessive radiative corrections from heavy sparticles. The relative signal rate in the γ γ channel is always enhanced by a factor 1.1 – 1.8 with respect to a SM-like Higgs boson of the same mass. This Higgs boson complying with recent evidence from the ATLAS and CMS collaborations is accompagnied by a lighter CP-even neutral Higgs state.

Under the following circumstances it might be possible to distinguish this scenario from the SM and/or the MSSM:

• the enhanced signal rate in the γ γ channel is confirmed, and incompatible with a SM-like Higgs boson;

• sparticles are detected, and their masses turn out to be incompatible with the necessarily large radiative corrections to the Higgs mass in the MSSM;

• the lighter CP-even state H_1 is discovered.

Of course, first of all the present evidence for a Higgs boson into the 124 − 127 GeV range should be confirmed by more data; then the same data can give us possible hints for non-SM-like properties of the Higgs sector along the lines discussed here.

Acknowledgements

The author acknowledges support from the French ANR LFV-CPV-LHC.

References

[1] G. Aad et al. [ATLAS Collaboration], “Combined search for the Standard Model Higgs boson using up to 4.9 fb-1 of pp collision data at sqrt(s) = 7 TeV with the ATLAS detector at the LHC,” arXiv:1202.1408 [hep-ex].

[2] S. Chatrchyan et al. [CMS Collaboration], “Combined results of searches for the standard model Higgs boson in pp collisions at sqrt(s) = 7 TeV,” arXiv:1202.1488 [hep-ex].

[3] I. Gogoladze, Q. Shafi and C. S. Un, “Higgs Boson Mass from t-b-tau Yukawa Unification,” arXiv:1112.2206 [hep-ph].

[4] H. Baer, V. Barger, A. Mustafayev. “Implications of a 125 GeV Higgs scalar for LHC SUSY and neutralino dark matter searches,” arXiv:1112.3017.

[5] S. Heinemeyer, O. Stal, G. Weiglein, “Interpreting the LHC Higgs Search Results in the MSSM,” arXiv:1112.3026.

[6] A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi and J. Quevillon, Phys. Lett. B 708 (2012) 162 [arXiv:1112.3028 [hep-ph]].

[7] A. Arbey, M. Battaglia and F. Mahmoudi, “Constraints on the MSSM from the Higgs Sector - A pMSSM Study of Higgs Searches, Bs → mu+ mu- and Dark Matter Direct Detection,” arXiv:1112.3032 [hep-ph].

[8] M. Carena, S. Gori, N. R. Shah, C. E. M. Wagner, “A 125 GeV SM-like Higgs in the MSSM and the γγ rate,” arXiv:1112.3336.

[9] S. Akula, B. Altunkaynak, D. Feldman, P. Nath and G. Peim, “Higgs Boson Mass Predictions in SUGRA Unification, Recent LHC-7 Results, and Dark Matter,” arXiv:1112.3645 [hep-ph].

[10] M. Kadastik, K. Kannike, A. Racioppi and M. Raidal, “Implications of 125 GeV Higgs boson on scalar dark matter and on the CMSSM phenomenology,” arXiv:1112.3647 [hep-ph].

[11] J. Cao, Z. Heng, D. Li and J. M. Yang, “Current experimental constraints on the lightest Higgs boson mass in the constrained MSSM,” arXiv:1112.4391 [hep-ph].

[12] A. Arvanitaki and G. Villadoro, “A Non Standard Model Higgs at the LHC as a Sign of Naturalness,” arXiv:1112.4835 [hep-ph].

[13] L. J. Hall, D. Pinner, J. T. Ruderman, “A Natural SUSY Higgs Near 126 GeV,” arXiv:1112.2703.

[14] T. Moroi, R. Sato, T. T. Yanagida, “Extra Matters Decree the Relatively Heavy Higgs of Mass about 125 GeV in the Supersymmetric Model,” arXiv:1112.3142.

[15] J. R. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D 39 (1989) 844.

[16] M. Drees, Int. J. Mod. Phys. A 4 (1989) 3635.

[17] U. Ellwanger, J. F. Gunion and C. Hugonie, JHEP 0502 (2005) 066 [arXiv:hep-ph/0406215].

[18] M. Maniatis, Int. J. Mod. Phys. A 25 (2010) 3505 [arXiv:0906.0777 [hep-ph]].

[19] U. Ellwanger, C. Hugonie and A. M. Teixeira, Phys. Rept. 496 (2010) 1 [arXiv:0910.1785 [hep-ph]].

[20] U. Ellwanger, M. Rausch de Traubenberg and C. A. Savoy, Phys. Lett. B 315 (1993) 331 [arXiv:hep-ph/9307322].

[21] U. Ellwanger, G. Espitalier-Noel and C. Hugonie, JHEP 09 (2011) 105 [arXiv:1107.2472 [hep-ph]].

[22] J. i. Kamoshita, Y. Okada and M. Tanaka, Phys. Lett. B 328 (1994) 67 [arXiv:hep-ph/9402278].

[23] U. Ellwanger, M. Rausch de Traubenberg and C. A. Savoy, Z. Phys. C 67 (1995) 665 [arXiv:hep-ph/9502206].

[24] F. Franke and H. Fraas, Phys. Lett. B 353 (1995) 234 [arXiv:hep-ph/9504279]. [25] S. F. King and P. L. White, Phys. Rev. D 53 (1996) 4049 [arXiv:hep-ph/9508346]. [26] U. Ellwanger and C. Hugonie, Eur. Phys. J. C 25 (2002) 297 [arXiv:hep-ph/9909260]. [27] U. Ellwanger, J. F. Gunion and C. Hugonie, JHEP 0507 (2005) 041 [arXiv:hep-ph/0503203].

[28] S. Moretti and S. Munir, Eur. Phys. J. C 47 (2006) 791 [arXiv:hep-ph/0603085]. [29] R. Dermisek and J. F. Gunion, Phys. Rev. D 77 (2008) 015013 [arXiv:0709.2269 [hepph]].

[30] U. Ellwanger, Eur. Phys. J. C 71 (2011) 1782 [arXiv:1108.0157 [hep-ph]]. [31] S. Schael et al. [ALEPH and DELPHI and L3 and OPAL Collaborations and LEP Working Group for Higgs Boson Searches], Eur. Phys. J. C 47 (2006) 547 [arXiv:hep-ex/0602042].

[32] U. Ellwanger, Phys. Lett. B 698 (2011) 293 [arXiv:1012.1201 [hep-ph]]. [33] J. F. Gunion, Y. Jiang and S. Kraml, “The constrained NMSSM and Higgs near 125 GeV,” arXiv:1201.0982 [34] U. Ellwanger and C. Hugonie, Comput. Phys. Commun. 175 (2006) 290 [arXiv:hep-ph/0508022].

[35] G. Degrassi and P. Slavich, Nucl. Phys. B 825 (2010) 119 [arXiv:0907.4682 [hep-ph]]. [36] A. Djouadi, J. Kalinowski and M. Spira, Comput. Phys. Commun. 108 (1998) 56 [hep-ph/9704448].

[37] U. Ellwanger and C. Hugonie, Comput. Phys. Commun. 177 (2007) 399 [hep-ph/0612134].