arXiv:0910.2071v1 [hep-ph] 12 Oct 2009

Upsilon Decays into Scalar Dark Matter

Gagik K. Yeghiyan Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA

We examine decays of a spin-1 bottomonium into a pair of light scalar Dark Matter (DM) particles, assuming that Dark Matter is produced due to exchange of heavy degrees of freedom. We perform a model-independent analysis and derive formulae for the branching ratios of these decays. We confront our calculation results with the experimental data. We show that Dark Matter production in Υ decays may lead to constraints on parameters of the models containing a light spin-0 DM particle.

1. Introduction

We consider the possibility of using of Υ meson decays with missing energy, to test the models with a light spin-0 DM particle. Dark Matter search in heavy meson (and in particular Υ meson) decays may be complimentary to such experiments as DAMA [1, 2, 3], CDMS [4] and XENON [5, 6], which rely on the measurement of kinematic recoil of nuclei in DM interactions and lose (for cold DM particles) sensitivity with decreasing mass of the WIMP, as the recoil energy becomes small.

So far, Υ meson decays into Dark Matter have been considered within the models, where DM particles interaction with an ordinary matter is mediated by some light degree of freedom [7, 8, 9]. Apart from desire of having DM annihilation enhancement (due to a light intermediate resonance) and thus having no tension with the DM relic abundance condition [10]-[13], it is also known that Υ meson SM decay is predominantly due to strong interactions. Thus, the WIMP production branching ratio, in general, is greatly suppressed compared to relevant weak B decays, and in particular to B → K + invisible transition [14, 15]. In light of this, it might seem natural to concentrate only on the models within which Dark Matter production in Υ decays is enhanced due to exchange of a light particle propagator.

Yet, our aim is to study Υ(1S) decay into a pair of spin-0 DM particles, Υ(1S) → ΦΦ^∗, and Υ(3S) decay into a pair of spin-0 DM particles and a photon, Υ(3S) → ΦΦ^∗γ, within the models where light Dark Matter interaction with an ordinary matter is due to exchange of heavy particles (with masses exceeding the bottomonium mass). These models may be free of tension related to satisfying the DM relic abundance constraint as well [10, 14, 16, 17, 18]. Also, new experimental data on Υ decays into invisible states have been reported by the BaBaR collaboration [19, 20]. According to these data, B(Υ(1S) → invisible) < 3 × 10^{−4} (1.1) and B(Υ(3S) → γ + invisible) < (0.7 − 31) × 10^{−6} (1.2) where the interval in the r.h.s. of eq. (1.2) is related to the choice of the final state missing mass. These bounds are significantly stronger than those on invisible Υ(1S) decays (with or without a photon emission), reported previously by Belle and CLEO [21, 22] and quoted by Particle Data Group [23]. We show that BaBaR experimental data on Υ meson invisible decays may constrain the parameter space of light scalar Dark Matter models, even if there is no Dark Matter production enhancement due to light intermediate states.

We also illustrate that the study of Dark Matter production in Υ decays allows us to test regions of parameter space of light spin-0 DM models that are inaccessible for B meson decays with missing energy. It is also worth mentioning that Υ decays are sensitive to a wider range of WIMP mass than B decays. Thus, the study of WIMP production in Υ decays is complementary to that for B meson decays.

At the energy scales, associated with Υ decays, heavy intermediate degrees of freedom may be integrated out, thus leading to a low-energy effective theory of four-particle interactions. Our strategy would be deriving first model-independent formulae for the Υ(1S) → ΦΦ^∗ and Υ(3S) → ΦΦ^∗γ branching ratios within the low-energy effective theory. Then, we confront our predictions with the experimental data, deriving model-independent bounds in terms of the Wilson operator expansion coefficients, as the parameters that carry the information on an underlying New Physics model. Finally, within a given model, using the matching conditions for the Wilson coefficients, we translate these bounds into those on the relevant parameters of the considered model.

The talk is based on the results presented in [24] and [25].

2. Model-Independent Analysis

We treat Υ states - neglecting the sea quark and gluon distributions - as bound states of bb̄ valence quark-antiquark pair that annihilates - with or without emission of a photon - into a pair of Dark Matter particles. To this approximation, the relevant low-

Figure 1: Upper bound on |C3| a) as a function of mΦ, for ΛH = 100 GeV , b) as a function of ΛH , for mΦ = 1 GeV .

energy effective Hamiltonian may be written as H_{ef f} = 2 Λ^2_H ∑ i C_i O_i (2.1)

where Λ_H is the heavy mass and

O_1 = m_b (¯ b b ) (Φ^∗Φ) , O_2 = im_b (¯ bγ_5b ) (Φ^∗Φ) ,

O_3 = (¯ bγ^μb ) ( Φ^∗i∂^↔_μΦ ) , O_4 = (¯ bγ^μγ_5b ) ( Φ^∗i∂^↔_μΦ ) (2.2)

with ∂^↔ = 1/2( −→ ∂ − ←− ∂ ). It is worth noting that with the notations used in (2.1) and (2.2), all the operators O_i, i=1,..4, are Hermitean, thus all the Wilson coefficients C_i must be real. If DM consists of particles that are their own antiparticles, then only first two operators in eq. (2.2) would contribute.

For DM field being a complex scalar state, Υ(1S) → ΦΦ^∗ branching ratio is given by the following expression:

B(Υ(1S) → ΦΦ^∗) =

Γ(Υ(1S) → ΦΦ^∗) Γ_{Υ(1S)} = = C^2_3 Λ^4_H f^2_{Υ(1S)}

48πΓ_{Υ(1S)} [ M^2_{Υ(1S)} − 4m^2_Φ ]_{3/2} (2.3)

where m_Φ is the DM particle mass and Γ_{Υ(1S)}, M_{Υ(1S)}, f_{Υ(1S)} are the Υ(1S) total width, mass and decay constant respectively. Only operator O_3 contributes to the decay rate.

For Φ being a self-conjugate spin-0 state, Φ = Φ^∗, contribution of O_3 vanishes as well, as noted above. Thus, one has

B(Υ(1S) → ΦΦ) = 0 (2.4)

This result is related to the fact that the final DM particle pair state must be a P-wave, which is impossible due to the Bose-Einstein symmetry of identical spin- 0 particles. In what follows, Γ(Υ(1S) → ΦΦ) must also vanish in higher orders in 1/m_b operator product expansion.

Thus, provided that DM pair production is the dominant invisible channel (the neutrino background may be neglected [19, 21, 24]), the signal for Υ(1S) → invisible decay would imply that the light spin-0 DM field has a complex nature. No evidence for the Υ(1S) → invisible mode may lead to some constraints on the parameters of the models with light complex scalar Dark Matter.

Yet, in order to derive such constraints, the experimental limit on the Υ(1S) → invisible mode must be strong enough. Indeed, using the numerical values of Γ_{Υ(1S)}, M_{Υ(1S)} and f_{Υ(1S)} [23], [26], one may rewrite eq. (2.3) as

B(Υ(1S) → ΦΦ^∗) ≈ 5.3 × 10^{−4} C^2_3 × × ( 100GeV Λ_H

)_4 [ 1 − 4m^2_Φ M^2_{Υ(1S)} ]_{3/2} (2.5)

In what follows, the relevant experiments must be sensitive (at least) to B(Υ(1S) → invisible) ∼ 10^{−4}.

This sensitivity has been reached by the BaBaR experiment [19], as it follows from the bound on B(Υ(1S) → invisible), given by eq. (1.1). Substituting (1.1) into (2.5), one derives the following constraint on |C_3| as a function of m_Φ and Λ_H :

|C_3| < 0.75 ( Λ_H 100GeV )_2 ( 1 − 4m^2_Φ M^2_{Υ(1S)} )_{−3/4} (2.6)

The behavior of the upper bound on |C_3| with the DM particle mass and the heavy mass is presented in Fig.’s 1a) and 1b) respectively. For m_Φ < 3 GeV and Λ_H ≃ 100 GeV , this bound may be translated into constraints on the relevant couplings of models with a light complex spin-0 DM field. For m_Φ > 3 GeV or for Λ_H > 100 GeV , further improvement of the experimental sensitivity to Υ(1S) → invisible transition is necessary.

Note that even for m_Φ < 3 GeV and Λ_H ≃ 100 GeV , bound (2.6) still allows C_3 to be of the order of unity. It seems to be very unlikely to saturate such a (rather weak) bound, if within a given New Physics model, Υ(1S) → ΦΦ^∗ transition is loopinduced. Thus, bound (2.6) on |C_3| seems to be useful only within the models, where Υ(1S) → ΦΦ^∗ decay occurs at tree level.

Further discussion of the scenarios with complex scalar Dark Matter goes beyond the scope of this talk. Yet, in ref. [24] we use bound (2.6) to derive constraints on the parameter space of the models with mirror fermions, in particular on that of the MSSM with gauge mediated SUSY breaking and the DM particle in the hidden sector, while mirror fermions being connectors between the hidden and the MSSM sectors. We derive for the first time bounds on the couplings of b-quark interactions with its mirror counterpart, as functions of the WIMP mass and the mirror fermion mass.

For the scenarios with the DM particle being its own antiparticle, the decay Υ(3S) → ΦΦγ is relevant. As the neutrino background is negligible [24], Υ(3S) → ΦΦγ may be the dominant channel in the Υ(3S) → γ + invisible mode. As it was mentioned above, the strongest experimental constraint on B(Υ → γ + invisible) is that derived by the BaBaR collaboration [20] and given by eq. (1.2). It may also be written as B(Υ(3S) → γ + invisible) < 3 × 10^{−6} (2.7) for the final state missing mass being less than 7 GeV, or approximately √ s <∼ M_{Υ(3S)}/ √ 2. We have to note however that this bound has been derived assuming that Υ(3S) → γ + invisible transition is mediated by an intermediate resonant Higgs state A^0 that exists in the MSSM extensions with an additional Higgs singlet [7, 13, 27]. For the models with non-resonant DM production considered here, bound (2.7) may be used only to get a preliminary estimate of possible constraints on parameters of light spin- 0 self-conjugate DM models^1. More rigourously, the experimental analysis performed in ref. [20] should be extended to the cases, when the emitted photon energy is non-monochromatic and is in the range 0 < ω < M_{Υ(3S)}/2 − 2m^2_Φ/M_{Υ(3S)}. To our knowledge, this work is in progress now^2.

Within self-conjugate scalar DM scenarios, the partially integrated branching ratio for Υ(3S) → ΦΦγ

1As for the earlier bounds on B(Υ → γ + invisible) [23], the only existing constraint for the case of two-particle invisible states and the photon having non-monochromatic energy, B(Υ(1S) → γ + XX) < 10^{−3} [22], is too weak to have any use. Due to the factor α/(4π) ≈ 5.8 × 10^{−4}, B(Υ → ΦΦγ) is always below this limit.

2Author is grateful to Yu. Kolomensky for this information.

Figure 2: Upper bound on √ C^2_1 + C^2_2 as a function of mΦ, for ΛH = 100 GeV .

decay is given by B(Υ(3S) → ΦΦγ)_{|s<smax} = ( C^2_1 + C^2_2 ) Λ^4_H α 4π f^2_{Υ(3S)}

54πΓ_{Υ(3S)}M_{Υ(3S)} × × [( 2M^2_{Υ(3S)} − s_{max} + 2m^2_Φ )√ s_{max} ( s_{max} − 4m^2_ϕ ) −

− 8m^2_Φ ( M^2_{Υ(3S)} − m^2_Φ ) ln ( √ s_{max} + √ s_{max} − 4m^2_Φ 2m_Φ )] (2.8)

For s_{max} = M^2_{Υ(3S)}/2, using the numerical values of the Υ(3S) mass, total width and decay constant [23, 24], one may rewrite eq. (2.8) in the following form:

B(Υ(3S) → ΦΦγ)_{|s<M} 2_{Υ(3S) /2} =

= 2.6 × 10^{−7} ( C^2_1 + C^2_2 ) ( 100GeV Λ_H

)_4

f(x_Φ) (2.9)

where x_Φ = m^2_Φ/M^2_{Υ(3S)} and

f(x_Φ) = ( 1 + 4 3 x_Φ ) √ 1 − 8x_Φ − − 32 3 x_Φ(1 − x_Φ) ln ( 1 + √ 1 − 8x_Φ 2 √ 2 √ x_Φ ) (2.10)

At first glance, it may seem that Υ(3S) → ΦΦγ branching ratio is far out of reach of the BaBaR experimental sensitivity, for a reasonable choice of C_1 and C_2. Notice, however, that within certain models with light spin-0 Dark Matter, the Wilson coefficients C_1 and/or C_2 may be enormously large, as they contain some enhancement factors, such as the ratio Λ_H /m_b ≫ 1 - due to the mass term in the numerator of a heavy fermion propagator, or the Higgs vev’s ratio tan β (with the latter being, say, ∼ m_t/m_b ≫ 1) - due to DM particle pair production via exchange of a heavy non-SM Higgs degree of freedom.

These enhancement factors can make C_1 and/or C_2 to be >∼ 10 and hence B(Υ(3S) → ΦΦγ) to be ∼

Figure 3: Upper bound on |λ_h0_Φ| as a function of mΦ, for m_h0 = 55 GeV and tan β = 20 (line 1), tan β = 40 (line 2).

10^{−5} − 10^{−4}, i.e. significantly exceeding bound (2.7) on B(Υ → γ + invisible). Using bound (2.7) yields √ C^2_1 + C^2_2 < 3.4 ( Λ_H 100GeV )_2

f^{−1/2}(x_Φ) (2.11)

The behavior of the bound on √ C^2_1 + C^2_2 with the DM particle mass is presented in Fig. 2 for Λ_H = 100 GeV .

In the next section we consider the simplest possible model where the Wilson coefficients are made enormously large due to an enhancement factor. We transform the constraint on √ C^2_1 + C^2_2 into that on the relevant parameters of the model.

3. Dark Matter Model with two Higgs Doublets (2HDM)

In this section we consider the two-Higgs doublet model (2HDM) with a gauge singlet real scalar DM particle. The DM interaction part of Lagrangian, relevant for our analysis, may be written as [14] − L = m^2_0 2 Φ^2 + λ_1Φ^2|H_1|^2 + λ_2Φ^2|H_2|^2 +

+λ_3Φ^2 (H_1H_2 + h.c) (3.1)

Following refs. [14, 28], we consider type-II version of 2HDM, where H_1 generates masses of down-type quarks and charged leptons, whereas H_2 generates masses of up-type quarks. We assume for the Higgs vev’s ratio to be large, i.e. v_2/v_1 ≡ tan β ≫ 1.

Three coupling constants entering Lagrangian (3.1) are unknown parameters. Constraints on the couplings λ_1 and λ_2 may be derived from the study of B → K + invisible transition. Those, in general, are strong enough: combined with the ones coming from the DM relic abundance condition, they rule out a wide range of the WIMP mass for the scenarios with λ_1 and/or λ_2 dominant [14].

Yet, due to cancellation effects in the relevant diagrams, WIMP pair production rate in B meson decays is insensitive to the value of λ_3 [14]. The scenarios with λ_3 dominant, or at least non-negligible, are thus far unconstrained. Study of DM production in Υ decays enables one to constrain these scenarios, inaccessible by B meson decays with missing energy.

The model contains two CP-even, one CP-odd and two complex charged physical Higgs degrees of freedom. To the leading order in the perturbation theory, Υ(3S) → ΦΦγ transition occurs at tree level by exchange of a single Higgs boson. To this approximation, only the CP-even Higgs states, h^0 and H^0, are relevant for our analysis.

One of the CP-even Higgs bosons (not-necessarily the lightest one) is Standard Model-like: its phenomenology is similar to that of the SM Higgs boson and the experimental bound on its mass is close to the SM limit^3 (see [23] and references therein). Contribution of the diagrams with the SM-like Higgs boson exchange to the Υ(3S) → ΦΦγ decay amplitude has no any enhancement factor - thus, we may further disregard the Dark Matter interaction with the SM-like CP-even Higgs.

The other CP-even Higgs boson is ”New-Physics (NP) like”: its phenomenology differs drastically from that of the SM Higgs boson [31]. If Dark Matter is produced due to exchange of this Higgs particle, Υ(3S) → ΦΦγ decay amplitude is enhanced by tan β factor. As discussed above, in this case the decay branching ratio is within the reach of the BaBaR experimental sensitivity.

If the NP-like Higgs is the lightest one, its mass may be much below the Standard Model experimental limit: according the existing experimental data [32, 33], m_h0 > 55 GeV or m_h0 < 1 GeV in the general type II 2HDM. As it was mentioned above, the light Higgs scenario is beyond the scope of the present paper, thus we assume here that m_h0 > 55 GeV . Notice, however, that this bound is derived, provided that no invisible Higgs decay mode exists. On the other hand, if the NP-like Higgs invisible decay mode is dominant, it may escape detection. No bound on m_h0 , to our best knowledge, exists in that case.

Within the considered model with light scalar Dark Matter, analysis of the Υ → ΦΦγ mode may restrict the scenarios with an invisibly decaying lightest Higgs boson by putting severe constraints on the h^0ΦΦ interaction coupling, λ_h0_Φ. For tan β ≫ 1 it is given by λ_h0_Φ ≈ λ_3 + (λ_1 + λ_2) cos β (3.2)

3Also, if the SM Higgs decays predominantly invisibly, the SM lower experimental bound is distorted by a few GeV only [29, 30].

Figure 4: Upper bound on |λ3|, a) as a function of mΦ for m_H0 = 160 GeV and tan β = 30 (line 1), tan β = 55 (line 2), b) as a function of m_H0 for tan β = 55 and mΦ = 100 MeV (solid line), mΦ = 1.5 GeV (dashed-dotted line), mΦ = 2 GeV (dashed line).

The last term in the r.h.s. of (3.2), although being suppressed by a factor of cos β ≈ 1/ tan β, must be retained because of possible hierarchy in the values of λ_3 and λ_1 or λ_2. Scenarios with such a hierarchy may be of importance: using the matching conditions for the Wilson coefficients,

C_1 = − λ_h0_Φ 2 tan β, C_2 = 0, Λ_H = m_h0 , (3.3)

and bound (2.11) on √ C^2_1 + C^2_2 , one finds that λ_h0_Φ is constrained to be O(1/ tan β), if h^0 mass approaches to its lower limit, m_h0 = 55 GeV . We illustrate this in Fig. 3 for tan β = 20 and tan β = 40.

For λ_h0_Φ being so strongly constrained, it seems to be very unlikely that h^0 would escape detection and its mass be below 55 GeV. More rigorously, however, detailed re-analysis of the Higgs production and decay rates, including that of h^0 → ΦΦ, should be performed.

One can show [24] that when choosing tan β sufficiently large, bound on λ_h0_Φ may still be rigorous, if the h^0 mass is heavier than 55 GeV. Thus, within the type II 2HDM with a light spin-0 Dark Matter, study of Υ → ΦΦγ decay channel may lead to severe constraints on the lightest CP-even Higgs invisible decay coupling, if that Higgs is New-Physics like.

The remarkable feature of the model is that constraints on the parameter space are derived even if the NP-like Higgs is the heaviest CP-even one. We illustrate this choosing m_H0 ≥ 160GeV - the existing theoretical upper bound on the SM-like Higgs boson [34] and exclusion of the SM Higgs mass interval (160 − 170) GeV with 95% C. L. by the CDF and D0 data [35] allow us to infer that above 160 GeV, the CP-even Higgs boson is presumably the heaviest one and NP-like. The matching conditions for the Wilson coefficients are now

C_1 =

−λ_3 tan β 2 , C_2 = 0 , Λ_H = m_H0 (3.4)

Thus, bound (2.11) on √ C^2_1 + C^2_2 may be transformed into that on |λ_3| as a function of the WIMP mass, tan β and the heaviest CP-even Higgs mass.

As one can see from Fig. 4a), for m_H0 = 160 GeV and tan β = 30, λ_3 is constrained to be of order of the SM weak coupling or smaller (|λ_3| <∼ 0.65), if m_Φ <∼ 1 GeV . Also, for the same choice of the Higgs mass and tan β, |λ_3| is to be less than one, if the WIMP mass is less than 2 GeV. Bound on |λ_3| is significantly more rigorous for higher values of tan β. For instance, if choosing tan β = m_t(m_t)/m_b(m_t) ≈ 55, one gets |λ_3| <∼ 0.35 and |λ_3| < 0.5 for m_Φ <∼ 1 GeV and m_Φ ≃ 2 GeV respectively.

The restrictions on |λ_3| are essential also for higher values of the heaviest CP-even Higgs mass: for tan β = 55, they are still of the interest up to m_H0 ≃ 280 GeV , as one can see from Fig. 4b).

Thus, within the type II 2HDM with a scalar Dark Matter, for large tan β scenario, Υ meson decay into a Dark Matter particles pair and a photon, Υ → ΦΦγ, may be used to derive essential constraints on the parameters of the model, which otherwise cannot be tested by B meson decays with invisible outcoming particles.

4. Conclusions and Summary

Thus, spin-0 Dark Matter production in Υ meson decays has been investigated. We restricted ourselves by consideration of the models where the decays occur due to exchange of heavy non-resonant degrees of freedom.

We performed our calculations within low-energy effective theory, integrating out heavy degrees of freedom. This way we derived model-independent formulae for the considered branching ratios. We used these formulae to confront our theoretical predictions with existing experimental data on invisible Υ decays, both in a model-independent way and within particular models. It has been shown that within the considered class of models, DM production rate in Υ decays is within the reach of the present experimental sensitivity. Thus, Υ meson decays into Dark Matter, with or without a photon emission, may be used to constrain the models with a GeV or lighter spin-0 DM.

Experimental constraints on the Υ(3S) → γ + invisible mode are derived assuming that Dark Matter is produced by exchange of a light resonant scalar state. Within the scenarios with non-resonant DM production considered here, these constraints may be used only to make preliminary estimates of possible bounds on the parameters of the models. Yet, those estimates show that these bounds may be rigorous enough; besides, they are derived within the least restrained presently light scalar DM scenarios. Our goal is thus to encourage the experimental groups to analyze the experimental data on Υ → γ + invisible also for the case of non-monochromatic photon emission and spin-0 invisible states.

So, from our analysis one may conclude that Dark Matter production in Υ meson decays may serve as an interesting alternative to commonly used DM search methods, capable of providing a valuable information on DM particles, if those turn to have a mass of the order of a few GeV or smaller.

Acknowledgments

Author is grateful to Yu. Kolomensky, A. Blechman, B. McElrath and J. Cao for valuable comments and stimulating discussions.

This work has been supported by the grants NSF PHY-0547794 and DOE DE-FGO2-96ER41005.

References

[1] R. Bernabei et al., (DAMA Collaboration) Eur.

Phys. J. C 56, 333 (2008).

[2] R. Bernabei et al., (DAMA Collaboration) Int. J.

Mod. Phys. D 13, 2127 (2004).

[3] R. Bernabei et al., (DAMA Collaboration) Riv. Nuovo Cimento, 26 N1, 1 (2003), arXiv:astro-ph/0307403.

[4] Z. Ahmed et al., CDMS Collaboration, Phys.

Rev. Lett. 102, 011301, (2009).

[5] J. Angle et al. (XENON Collaboration) Phys.

Rev. Lett. 101, 091301 (2008).

[6] J. Angle et al. (XENON Collaboration) Phys.

Rev. Lett. 100, 021303 (2008).

[7] J. F. Gunion, D. Hooper, B. McElrath, Phys.

Rev. D73, 015011 (2006).

[8] P. Fayet, Phys. Rev. D 75, 115017 (2007).

[9] P. Fayet, Phys. Rev. D 74, 054034 (2006). [10] C. Boehm, P. Fayet, Nucl. Phys. B 683, 219 (2004).

[11] Y. Kahn, M. Schmitt, T. M. P. Tait, Phys. Rev.

D 78, 115002 (2008).

[12] D. Hooper, K. M. Zurek, Phys. Rev. D 77, 087302 (2008).

[13] J. Cao, H. E. Logan, J. M. Yang, Phys. Rev. D 79, 091701 (2009).

[14] C. Bird, R. Kowalewski, M. Pospelov, Mod. Phys.

Lett. A 21, 457 (2006).

[15] C. Bird, P. Jackson, R. Kowalewski, M. Pospelov, Phys. Rev. Lett. 93, 201803 (2004).

[16] J. L. Feng, J. Kumar, Phys. Rev. Lett. 101, 231301 (2008).

[17] J. L. Feng, J. Kumar, L. E. Strigari, Phys. Lett.

B 670, 37 (2008).

[18] J. L. Feng, J. Kumar, I. Learned, L. E. Strigari, JCAP 0901, 032 (2009), arXiv:0808.4151[hep-ph].

[19] The BaBaR Collaboration, B. Aubert et al., arXiv: 0908.2840 [hep-ex].

[20] The BaBaR Collaboration, B. Aubert et al., arXiv: 0808.0017 [hep-ex];

S. J. Sekula, for the BaBaR Collaboration, arXiv: 0810.0315 [hep-ex].

[21] O. Tajima et al., The Belle Collaboration, Phys.

Rev. Lett. 98, 132001 (2007).

[22] R. Balest et al., CLEO Collaboration, Phys. Rev.

D 51, 2053 (1995).

[23] C. Amsler et al. (Particle Data Group), Phys.

Lett. B 667, 1 (2008).

[24] G. K. Yeghiyan, arXiv: 0909.4919 [hep-ph]. [25] A. Badin, A. A. Petrov, G. K. Yeghiyan, to be published.

[26] H. M. Choi, Phys. Rev. D 75, 073016, (2007). [27] R. Dermisek, J. F. Gunion, B. McElrath, Phys.

Rev. D 76, 051105 (2007); R. Dermisek, J. F. Gunion, Phys. Rev. D 75, 075019 (2007); R. Dermisek, J. F. Gunion, Phys. Rev. D73, 111701 (2006).

[28] X. G. He et al., Phys. Rev. D 79, 023521 (2009) . [29] J. Abdallah, et al., DELPHI Collaboration, Eur.

Phys. Journal C32, 475, (2004).

[30] P. Achard et al., L3 Collaboration, Phys. Lett. B 609, 35 (2005).

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

[32] G. Abbiendi et al., The OPAL Collaboration, Eur. Phys. Journal C 40, 317 (2005).

[33] G. Abbiendi et al., The OPAL Collaboration, Eur. Phys. Journal C 18, 425 (2001).

[34] G. M. Asatrian, A. N. Ioannisian, S. G. Matinyan, Sov. J. Nucl. Phys. 53, 371, (1991), Yad. Fiz. 53, 592, (1991).

[35] D. Benjamin, for the CDF, D0 Collaborations, arXiv: 0906.1403 [hep-ex].