LPT Orsay 11-38 TTP 11-13

Reduced branching ratio for H → AA → 4 τ from A − η_b mixing

Florian Domingo^1 and Ulrich Ellwanger^2

1 Institut für Theoretische Teilchenphysik, KIT, Universität Karlsruhe, D-76128 Karlsruhe, Germany 2 Laboratoire de Physique Théorique, UMR 8627, CNRS and Université de Paris–Sud, Bât. 210, F-91405 Orsay, France

Abstract

Models with an extended Higgs sector, as the NMSSM, allow for scenarios where the Standard Model-like CP-even Higgs boson H decays dominantly as H → AA → 4 τ where A is a light CP-odd Higgs boson. Tight constraints on this scenario in the form of lower bounds on M_H have recently been published by the ALEPH group. We show that, due to A − η_b mixing, the branching ratio H → AA → 4 τ is strongly reduced for M_A in the range 9 − 10.5 GeV. This is the range of M_A in which the tension between the observed η_b(1S) mass and its prediction based on QCD can be resolved due to mixing, and which is thus still consistent with a light CP-even Higgs boson H satisfying LEP constraints with a mass well below 114 GeV. This result is practically independent from the coupling of A to b quarks.

1 Introduction

One of the main goals of the Large Hadron Collider (LHC) is the detection of the Higgs boson, or of at least one of several Higgs bosons if corresponding extensions of the Standard Model (SM) are realized in nature. These searches depend crucially on the Higgs production cross sections and the Higgs decays.

In the case of the SM, the production cross sections and decay branching ratios are quite well known as functions of the still unknown Higgs mass [1]. In the Minimal Supersymmetric Standard Model (MSSM) with its extended Higgs sector, these quantities have been studied as well and it seems that at least one of the Higgs bosons cannot be missed at the LHC [2]. There exist, however, well motivated scenarios with somewhat more extended Higgs sectors, as the Next-to-Minimal Supersymmetric Standard Model (NMSSM, see [3, 4] for recent reviews), where the Higgs decays can differ strongly from both the SM and the MSSM. It is very important to be aware of the possibility of such unconventional Higgs decays; the absence of a signal in standard Higgs search channels may otherwise be completely misinterpreted.

The Higgs sector of the NMSSM consists of two SU(2) doublets H_u and H_d (as in the MSSM), and one additional gauge singlet S. Due to its coupling λSH_uH_d in the superpotential, a vacuum expectation value (vev) s of S generates a supersymmetric mass term μ_{eff} = λs for H_u and H_d. Since s and hence μ_{eff} are naturally of the order of the soft Susy breaking terms ∼ M_{Susy}, this solves the so-called μ-problem of the MSSM [5]. (This remains true in the limit λ, κ → 0, where κ is the singlet self-coupling in the superpotential, leading to s ∼ M_{Susy}/κ, but μ_{eff} ∼ (λ/κ)M_{Susy} ∼ M_{Susy}.) Furthermore, in its simplest Z_3 invariant version, the superpotential of the NMSSM is scale invariant; it is in fact the simplest phenomenologically acceptable supersymmetric extension of the SM with this property.

The physical neutral Higgs sector in the NMSSM consists of 3 CP even and 2 CP odd states. (Here we do not consider the possibility of CP violation in the Higgs sector.) In general, these states are mixtures of the corresponding CP even or CP odd components of H_u, H_d and S, without the CP odd Goldstone boson swallowed by the massive Z boson. Often, one of the CP even states is SM like, i.e. with similar couplings to gauge bosons as the SM Higgs boson (but with possibly enhanced couplings to quarks and leptons), with a mass bounded from above by ∼ 140 GeV [6]. At first sight, the detection at the LHC of this Higgs boson – denoted subsequently by H for simplicity – seems to be guaranteed, given the lower LEP bound of ∼ 114 GeV on masses of Higgs bosons with SM like couplings to the Z boson and SM like decays.

However, the lighter of the two CP odd states (denoted by A_1) could have a mass M_{A1} below half of the mass M_H of H [7, 8]. Then, H would decay dominantly as H → A_1A_1, since this coupling is typically larger than the coupling of H to b quarks [7,8]. Such a decay of H would have important consequences both for lower bounds on its mass from searches at LEP, and for its detection at the LHC. Now the H final decay products depend on M_{A1} : for M_{A1} >∼ 10.5 GeV, they consist mainly of 4 b quarks (with some 2 b + 2 τ admixture), whereas for 3.5 GeV <∼ M_{A1} <∼ 10.5 GeV, they consist mainly of 4 τ leptons (with some small 2 τ + 2 μ admixture). In fact, H → 4 b decays have also been searched for by OPAL and DELPHI at LEP [9, 10] implying M_H >∼ 110 GeV if H has SM like couplings to the Z boson [11]. On the other hand, LEP constraints on H → 4 τ decays were relatively weak, allowing for M_H as low as ∼ 90 GeV [11].

This led to the scenario advocated in [13–16] (see also [17]) with M_H <∼ 110 GeV, M_{A1} <∼ 10.5 GeV, a dominant (but not exclusive) decay H → A_1A_1 → 4 leptons and a low finetuning among the soft Susy breaking parameters due to the relatively low mass of H. A remaining small branching ratio for H → 2 b could explain the 2 σ excess observed in this channel for M_H ∼ 100 GeV [11, 14].

The final state H → 4 τ has recently been reanalysed by the ALEPH group [12] implying upper bounds on ξ^2 =^{σ(e+e−→ZH)}

σ_{SM}(e^+e^−→ZH) × BR(H → 2 A1) × BR(A1 → τ

+ τ^−)^2 as function of M_H and M_{A1} . These bounds seem to impose strong constraints on the above scenario, unless σ(e^+e^− → ZH) and/or the BR(H → 2 A_1) and/or the BR(A_1 → τ^+ τ^−) are smaller than naively expected [18].

A light CP odd scalar A_1 would also have important consequences for the physics of bb̄ bound states. These effects depend on the coupling of A_1 to b quarks. Normalized relative to the coupling of the SM Higgs boson, the coupling of A_1 to b quarks is given by X_d with

X_d = cos θ_A tan β , (1)

where cos θ_A denotes the SU(2) doublet component of A_1, and tan β is the usual ratio of Higgs vevs v_u/v_d. For tan β much larger than 1, X_d could satisfy X_d ≫ 1 as well. (X_d is simultaneously the coupling of A_1 to leptons normalized relative to the coupling of the SM Higgs boson.)

In fact the relation (1) is valid for A_1 in any extension of the SM with two Higgs doublets H_u (coupling exclusively to up-type quarks) and H_d (coupling exclusively to downtype quarks and leptons), but arbitrary singlets. Our subsequent results depend only on M_{A1} and X_d, and are valid for any such models. In the NMSSM, a light CP odd scalar A_1 can play the role of a pseudo Goldstone boson of an approximate R- or Peccei-Quinn symmetry [7, 8]. Then, however, one always has cos θ_A ∼ 1/ tan β [4] and hence X_d <∼ 1.

Since the pseudoscalar bb̄ bound states η_b(nS) have the same quantum numbers as a CP odd Higgs A_1, the states η_b(nS) and A_1 can mix [19–22] with important consequences both for the mass spectrum and the decays of the physical eigenstates. A state η_b(1S) has been observed in radiative Υ(3S) and Υ(2S) decays by BABAR [23, 24], with the result that its mass of 9390.9 ± 3.1 MeV is below the one expected from most QCD predictions for the Υ(1S) − η_b(1S) hyperfine splitting [25–27]. Indeed, such a mass shift could be explained by the mixing of η_b(1S) with A_1 provided M_{A1} (before mixing) is in the 9.4 − 10.5 GeV range [22].

On the other hand, A_1 can be searched for in radiative decays Υ(nS) → γA_1, A_1 → 2 leptons. (See [28] for a discussion of η_b → τ^+τ^− mediated by A_1.) Unsuccessful searches by CLEO [29] and BABAR [30, 31] lead to upper bounds on X_d as function of M_{A1} , which have been studied in [18,21,32] for M_{A1} <∼ 9 GeV where the η_b(nS) − A_1 mixing is not very relevant. Notably for M_{A1} below the 2 τ threshold, where A_1 has a large branching fraction into two muons, these bounds are quite strong and imply X_d <∼ 0.5. Upper bounds on X_d for 8 GeV <∼ M_{A1} <∼ 10.1 GeV, including effects from η_b(nS) − A_1 mixing, have recently been investigated in [33], implying X_d <∼ 2 . . . 7 depending on M_{A1} . (These bounds are consistent with limits from the violation of lepton universality in inclusive Υ(nS) decays as proposed in [20, 34–36] and studied in [37, 38].)

Possible η_b(nS) − A_1 mixings would also affect the ALEPH bounds on H → 2 A_1 → 4 τ [12] in the interesting mass range 9 GeV <∼ M_{A1} <∼ 10.5 GeV, since A_1 decaying hadronically through its η_b components would imply a different signature. The corresponding consequences for this process have not been taken into account before; this study is the purpose of the present paper. In fact, our result is quite dramatic: the ALEPH bounds imply practically no constraint on the BR(H → 2 A_1) in the corresponding mass range, since the BR(A_1 → τ^+τ^−) tends to be very small even for small values of X_d. The origin of this phenomenon can easily be understood qualitatively: the width of the decay A_1 → τ^+τ^− of the pure state A_1, albeit proportional to X^2_d (which appears also in the coupling of A_1 to τ leptons), is always much smaller than the hadronic width of the η_b(nS) to hadrons given the present upper bounds on X_d. Hence, even a small admixture of η_b(nS) to any physical eigenstate implies a large hadronic decay width, suppressing the branching ratio of the physical state into τ^+τ^− and making it very difficult to detect. For X_d <∼ 10 this effect is approximately independent from X_d, since both the width for A_1 → τ^+τ^− and the η_b(nS) − A_1 mixing are proportional to X^2_d .

In the next Section we study this phenomenon quantitatively, with the result stated above. In Section 3 we briefly comment on the impact of our result on future Higgs searches.

2 The BR(H → 4 τ) in the presence of A − η_b mixing

In this section we consider the mixing of a CP odd Higgs state A_1 (denoted by A for simplicity) with the states η_b(1S), η_b(2S) and η_b(3S) with masses below the BB̄ threshold. The mass squared matrix in the basis η_b(1S) − η_b(2S) − η_b(3S) − A can be written as [22]

M^2 = m^2_{ηb(1S)} 0 0 δm^2_1

0 m^2_{ηb(2S)} 0 δm^2 0 0 m^2_{ηb(3S)} δm^2_3 δm^2_1 δm^2 δm^2_3 M^2_A

. (2)

The off-diagonal elements δm^2_n depend on the η_b(nS) wave functions at the origin, and X_d as given in (1) multiplied by the coupling of a SM like Higgs boson to b quarks [19–22]. Estimating the wave functions at the origin as in [20–22] one obtains

δm^2_1 ≃ 0.14 GeV^2 × X_d , δm^2 ≃ 0.11 GeV^2 × X_d , δm^2_3 ≃ 0.10 GeV^2 × X_d . (3)

The errors on these quantities are about 10%, but our subsequent results are not sensitive to the precise numerical values. For the diagonal elements m^2_{ηb(nS)} we take [25] m_{ηb(2S)} = 10002 MeV, m_{ηb(3S)} = 10343 MeV. m^2_{ηb(1S)} is determined, for given M_A and X_d, by the condition that the state with its mass of ∼ 9391 MeV observed in radiative Υ(3S) and Υ(2S) decays by BABAR [23, 24] must be identified with one of the eigenstates of M^2. Again, our subsequent results depend only weakly on these masses.

It is straightforward to diagonalize the mass matrix (2). The 4 eigenstates will be denoted by η_i, which are decomposed into the unmixed states as

η_i = P_{i,1} η_b(1S) + P_{i,2} η_b(2S) + P_{i,3} η_b(3S) + P_{i,4} A . (4)

Both the eigenvalues of the mass matrix (2) and the mixing coefficients P_{i,j} in (4) depend on the unknown mass M_A. Let us recall some obvious properties of the eigenvalues and the mixing coefficients: whenever M_A is far from any of the m_{ηb(nS)}, the mixing will be relatively small (but increasing with X_d), and A will be an approximate mass eigenstate. For fixed X_d, the closer M_A is to m_{ηb(nS)}, the larger the A − η_b(nS) mixing will be, resulting in shifts of the eigenvalues of M^2 w.r.t. its diagonal elements.

We recall that the state with a mass of ∼ 9391 MeV observed by BABAR must be identified with one of the eigenstates of M^2. Independently from the value of the diagonal element m_{ηb (1S)} of M^2, it follows that M_A cannot be arbitrarily close to 9391 MeV unless the mixing (and hence X_d) tends to zero. This consideration leads to an upper bound on X_d depending on M_A, with X_d → 0 for M_A → 9391 MeV, and still X_d <∼ 20 for M_A ∼ 10 GeV or M_A ∼ 8.5 GeV [21].

Next we turn to the decays of the eigenstates η_i, starting with the decays of the states before mixing. A will decay dominantly into A → τ^+ τ^−, with a partial width Γ^{τ τ}_A given by

Γ^{τ τ}_A = X^2_d

G_F m^2_τ M_A 4 √ 2π √ 1 − 4 m^2_τ M^2_A

∼ X^2_d × 1.9 · 10^{−2} MeV × ( M_A 10 GeV ) . (5)

We determine the BR(A → τ^+ τ^−) from NMHDECAY [39, 40] inside NMSSMTools [41] (assuming tan β ∼ 5), which gives BR(A → τ^+ τ^−) ∼ 0.9 − 0.75 with increasing M_A, the remaining BR originating from A decays into cc̄ quarks and gluons. (A smaller BR(A → τ^+ τ^−), as advocated for some parameter choices in [18], would only amplify our subsequent conclusions.) Hence we take Γ^{tot}_A ∼ (1.1 − 1.33) × Γ^{τ τ}_A .

The states η_b(nS) (before mixing) would decay nearly exclusively into hadrons (like the states η_c(nS)). Using the formalism in [42], the widths of the states η_b(nS) can be estimated from the widths of the corresponding Υ states and the η_b(nS) masses. Subsequently we take Γ_{ηb(1S)} = 11.8 MeV, Γ_{ηb(2S)} = 5.4 MeV and Γ_{ηb(3S)} = 3.9 MeV. Note that, unless X_d >∼ 10, these widths are much larger than Γ^{τ τ}_A . (We recall that, for M_A <∼ 10.1 GeV, X_d <∼ 2 . . . 7 due to constraints from Υ(nS) → γA_1, A_1 → 2 leptons [33].)

In terms of these widths and the mixing coefficients, the BR(η_i → τ^+ τ^−) of the eigenstates η_i are given by [22]

BR(η_i → τ^+ τ^−) =

P^2_{i,4}Γ^{τ τ}_A (_3 ∑ n=1 P^2_{i,n}Γ_{ηb(nS)} ) + P^2_{i,4}Γ^{tot}_A

. (6)

Let us consider the state η_i with the largest A component, i.e. the largest coefficient P^2_{i,4}. (Since, essentially, A mixes with just one of the η_b(nS) states depending on M_A, there exists always one state with P^2_{i,4} >∼ 0.5.) Its BR(η_i → τ^+ τ^−) is smaller than 0.9 − 0.75 due to the terms ∼ Γ_{ηb(nS)} in the denominator of (6). In fact, even if P^2_{i,n} ≪ 1, these terms are often numerically dominant due to Γ_{ηb(nS)} ≫ Γ^{tot}_A , implying a considerable reduction of the BR(η_i → τ^+ τ^−). For X_d <∼ 5, the result is nearly independent from X_d, since Γ^{τ τ}_A and Γ^{tot}_A as well as P^2_{i,n} are proportional to X^2_d , and X^2_d cancels out.

In Fig. 1 we show the BR(η_i → τ^+ τ^−) for the state η_i with the largest A component as function of M_A for X_d = 1. Depending on M_A, this state corresponds to η_1 . . . η_4, which is indicated by the various colors. For X_d = 1, the mass of this state is practically identical to M_A. Usually, the branching ratios into τ^+ τ^− of the remaining states are neglibibly small. Note that, whenever M_A is close to any of the masses m_{ηb (nS)}, the mixing becomes strong (P^2_{i,4} ∼ P^2_{i,n} ∼ 1/2) leading to BR(η_i → τ^+ τ^−) ∼ Γ^{τ τ}_A /Γ_{ηb(nS)}, which is very small. (As stated above, we must have X_d → 0 for M_A → 9391 MeV. This upper bound is applied to X_d for M_A ∼ 9391 MeV in Fig. 1, but X_d = 1 is used for all other values of M_A.) Remarkably, even if M_A is not close to any of the masses m_{ηb(nS)}, the suppression of the BR(η_i → τ^+ τ^−) is still quite strong due to the terms ∼ Γ_{ηb(nS)} in the denominator of (6), and BR(η_i → τ^+ τ^−) <∼ 0.65 for any M_A in the range 9 − 10.5 GeV.

Figure 1: The BR(η_i → τ^+ τ^−) for the state η_i with the largest A component as function of M_A for X_d = 1. The colors indicate which state η_i is concerned (red→ η_1, green→ η_2, brown→ η_3, blue→ η_4).

Finally we have to re-interpret the decay H → AA → 4 τ in the presence of A − η_b(nS) mixing: now this process corresponds to

∑_4

i,j=1(H → ηi ηj → 4 τ). The coupling of the

states η_i to H (originating from the coupling of A to H) is proportional to P_{i,4}, and we can write 4∑ i,j=1

BR(H → η_i η_j → 4 τ) = BR(H → AA) × R ,

R = [_4 ∑ i=1 P^2_{i,4} × BR(η_i → τ^+ τ^−)

]_2

. (7)

We can compute R as function of M_A and X_d, and the result is shown in Fig. 2.

Figure 2: The function R, defined in (7), in the plane X_d vs. M_A. Also indicated are upper bounds on X_d from CLEO (red), BABAR (blue) and from the condition that one eigenstate of the mass matrix (2) has a mass of 9391 MeV with m_{ηb(1S)} within a reasonable range (green).

In Fig. 2 we also show upper bounds on X_d from CLEO (red), BABAR (blue) and from the condition that one eigenstate of the mass matrix (2) has a mass of 9391 MeV and m_{ηb (1S)} (before mixing) is within a range 9360 − 9445 MeV covered by QCD predictions (green). Hence, for M_A <∼ 10.1 GeV, only small values of X_d, where R is nearly independent from X_d (as explained above), are of interest. Like the BR(η_i → τ^+ τ^−), R varies strongly with M_A. It follows from R ∼

∑_4 i=1 P^4_{i,4} × BR(η_i → τ^+ τ^−)^2 that R never exceeds 0.4 for M_A in the range 9 − 10.5 GeV, and R ∼ ( Γ^{τ τ}_A /Γ_{ηb(nS)}

)_2 (which is tiny) as soon as M_A is near any of the masses m_{ηb(nS)}. Now the quantity ξ^2 constrained by ALEPH (see Fig. 6 in [12]) must be interpreted as ξ^2 = ξ^{′2} × R, ξ^{′2} =^{σ(e+e−→ZH)}_{σSM(e+e−→ZH)} × BR(H → 2 A). It follows that ξ^{′2} is left unconstrained at least for M_H >∼ 98 GeV and M_A in the range 9 − 10.5 GeV, as well as for any lower value of M_H as long as M_A is in the range where R in Fig. 2 is below 0.2, corresponding essentially to a BR(η_i → τ^+ τ^−) in Fig. 1 below ∼ 0.5 (but depending slightly on X_d). Since, in addition, one always has ξ^{′2} <∼ 1 even if the process H → 2 A is kinematically allowed (since the BR(H → b b̄) is never exactly zero), scenarios with M_H <∼ 98 GeV are consistent with the ALEPH constraints as well for most values of M_A in the range 9 − 10.5 GeV.

3 Conclusions and outlook

After the publication of the ALEPH analysis [12] it seemed that the attractive scenario with a light CP-even Higgs boson H and a mass M_H well below 114 GeV, decaying dominantly as H → 2 A → 4 τ, was tightly constrained. We have shown that these constraints are absent for M_H >∼ 98 GeV and M_A in the range 9−10.5 GeV, and in the case of lower values of M_H for most values of M_A in this range. The origin is a reduced BR(A → τ^+ τ^−) caused by A − η_b(nS) mixing, leading to dominant hadronic decays of the physical eigenstates. This window for M_A is of particular interest, since it contains the region in which the tension between the observed η_b(1S) mass and its prediction based on QCD can be resolved [22, 33] through this mixing. We emphasize that we did not make particular assumptions on the SU(2) doublet component cos θ_A, on tan β or on the coupling X_d (see (1)) of A to b quarks since, at least for small mixing angles, X^2_d cancels out in the expression (6) for the BR(η_i → τ^+ τ^−) for the mass eigenstates.

For small X_d and a correspondingly small A − η_b(nS) mixing, this result seems counterintuitive at first sight. However, the point is that already a small admixture of any η_b(nS) state to the mass eigenstate η_i suffices such that the mass eigenstate η_i decays dominantly hadronically, since the corresponding hadronic widths of η_b(nS) are much larger than Γ^{τ τ}_A . This remains true for small X_d, since then Γ^{τ τ}_A becomes small as well.

The consequences of this scenario for Higgs searches at the LHC would be quite dramatic, since the dominant Higgs decay mode would be H → 2 A → hadrons and, like in the scenarios discussed in [43–45], the H signal would be buried under the QCD background. Moreover, dominant hadronic decays of the mass eigenstate η_i would also handicap searches for A via central exclusive production [46] at hadron colliders, or via the μ^+ μ^− final state as proposed in [47] and studied, using early LHC data, in [48]. It remains to look for A in radiative Υ decays, but corresponding searches have also to be interpreted carefully taking mixing effects into account [19–21, 33].

Acknowledgements

The work of F.D. was supported by the BMBF grant 05H09VKF.

References

[1] A. Djouadi, Phys. Rept. 457 (2008) 1 [arXiv:hep-ph/0503172].

[2] A. Djouadi, Phys. Rept. 459 (2008) 1 [arXiv:hep-ph/0503173].

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

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

[5] J. E. Kim and H. P. Nilles, Phys. Lett. B 138 (1984) 150.

[6] U. Ellwanger and C. Hugonie, Mod. Phys. Lett. A 22 (2007) 1581 [arXiv:hepph/0612133].

[7] B. A. Dobrescu, G. L. Landsberg and K. T. Matchev, Phys. Rev. D 63 (2001) 075003 [arXiv:hep-ph/0005308].

[8] B. A. Dobrescu and K. T. Matchev, JHEP 0009 (2000) 031 [arXiv:hep-ph/0008192]. [9] G. Abbiendi et al. [OPAL Collaboration], Eur. Phys. J. C 37 (2004) 49 [arXiv:hepex/0406057].

[10] J. Abdallah et al. [DELPHI Collaboration], Eur. Phys. J. C 38 (2004) 1 [arXiv:hepex/0410017].

[11] 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:hepex/0602042].

[12] S. Schael et al. [ALEPH Collaboration], JHEP 1005 (2010) 049 [arXiv:1003.0705]. [13] R. Dermisek and J. F. Gunion, Phys. Rev. Lett. 95 (2005) 041801 [arXiv:hepph/0502105].

[14] R. Dermisek and J. F. Gunion, Phys. Rev. D 73 (2006) 111701 [arXiv:hep-ph/0510322]. [15] R. Dermisek and J. F. Gunion, Phys. Rev. D 75 (2007) 075019 [arXiv:hep-ph/0611142]. [16] R. Dermisek and J. F. Gunion, Phys. Rev. D 76 (2007) 095006 [arXiv:0705.4387]. [17] J. F. Gunion, D. E. Lopez-Fogliani, L. Roszkowski, R. R. de Austri and T. A. Varley, “Next-to-Minimal Supersymmetric Model Higgs Scenarios for Partially Universal GUT Scale Boundary Conditions,” arXiv:1105.1195.

[18] R. Dermisek and J. F. Gunion, Phys. Rev. D 81 (2010) 075003 [arXiv:1002.1971]. [19] M. Drees and K. i. Hikasa, Phys. Rev. D 41 (1990) 1547.

[20] E. Fullana and M. A. Sanchis-Lozano, Phys. Lett. B 653 (2007) 67 [arXiv:hepph/0702190].

[21] F. Domingo, U. Ellwanger, E. Fullana, C. Hugonie and M. A. Sanchis-Lozano, JHEP 0901 (2009) 061 [arXiv:0810.4736 [hep-ph]].

[22] F. Domingo, U. Ellwanger and M. A. Sanchis-Lozano, Phys. Rev. Lett. 103 (2009) 111802 [arXiv:0907.0348 [hep-ph]].

[23] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 101 (2008) 071801 [Erratum-ibid. 102 (2009) 029901] [arXiv:0807.1086 [hep-ex]].

[24] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 103 (2009) 161801 [arXiv:0903.1124 [hep-ex]].

[25] S. Recksiegel and Y. Sumino, Phys. Lett. B 578 (2004) 369 [arXiv:hep-ph/0305178]. [26] B. A. Kniehl, A. A. Penin, A. Pineda, V. A. Smirnov and M. Steinhauser, Phys. Rev.

Lett. 92 (2004) 242001 [Erratum-ibid. 104 (2010) 199901] [arXiv:hep-ph/0312086]. [27] A. A. Penin, “The Mass of eta(b),” arXiv:0905.4296 [hep-ph].

[28] A. Rashed, M. Duraisamy and A. Datta, Phys. Rev. D 82 (2010) 054031 [arXiv:1004.5419].

[29] W. Love et al. [CLEO Collaboration], Phys. Rev. Lett. 101 (2008) 151802 [arXiv:0807.1427 [hep-ex]].

[30] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 103 (2009) 081803 [arXiv:0905.4539 [hep-ex]].

[31] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 103 (2009) 181801 [arXiv:0906.2219 [hep-ex]].

[32] R. Dermisek, J. F. Gunion and B. McElrath, Phys. Rev. D 76 (2007) 051105 [arXiv:hep-ph/0612031].

[33] F. Domingo, JHEP 1104 (2011) 016 [arXiv:1010.4701 [hep-ph]]. [34] M. A. Sanchis-Lozano, Mod. Phys. Lett. A 17 (2002) 2265 [arXiv:hep-ph/0206156]. [35] M. A. Sanchis-Lozano, Int. J. Mod. Phys. A 19 (2004) 2183 [arXiv:hep-ph/0307313]. [36] M. A. Sanchis-Lozano, J. Phys. Soc. Jap. 76 (2007) 044101 [arXiv:hep-ph/0610046]. [37] E. Guido [BaBar Collaboration], “Lepton Universality Test in Upsilon(1S) decays at BaBar,” arXiv:0910.0423 [hep-ex].

[38] P. del Amo Sanchez et al. [The BABAR Collaboration], Phys. Rev. Lett. 104 (2010) 191801 [arXiv:1002.4358 [hep-ex]].

[39] U. Ellwanger, J. F. Gunion and C. Hugonie, JHEP 0502 (2005) 066 [arXiv:hepph/0406215].

[40] U. Ellwanger and C. Hugonie, Comput. Phys. Commun. 175 (2006) 290 [arXiv:hepph/0508022].

[41] Link: http://www.th.u-psud.fr/NMHDECAY/nmssmtools.html

[42] A. Petrelli, M. Cacciari, M. Greco, F. Maltoni and M. L. Mangano, Nucl. Phys. B 514 (1998) 245 [arXiv:hep-ph/9707223].

[43] L. M. Carpenter, D. E. Kaplan and E. J. Rhee, Phys. Rev. Lett. 99 (2007) 211801 [arXiv:hep-ph/0607204].

[44] B. Bellazzini, C. Csaki, A. Falkowski and A. Weiler, Phys. Rev. D 80 (2009) 075008 [arXiv:0906.3026 [hep-ph]].

[45] B. Bellazzini, C. Csaki, A. Falkowski and A. Weiler, Phys. Rev. D 81 (2010) 075017 [arXiv:0910.3210 [hep-ph]].

[46] J. R. Forshaw, J. F. Gunion, L. Hodgkinson, A. Papaefstathiou and A. D. Pilkington, JHEP 0804 (2008) 090 [arXiv:0712.3510 []].

[47] R. Dermisek and J. F. Gunion, Phys. Rev. D 81 (2010) 055001 [arXiv:0911.2460 [hepph]].

[48] ATLAS Collaboration, Note ATLAS-CONF-2011-020.