arXiv:hep-ph/0604170 v1 20 Apr 2006

Rare top quark decays in extended models

R. Gaitán^∗, O. G. Miranda^† and L. G. Cabral-Rosetti^{∗∗}

∗Centro de Investigaciones Teóricas, Facultad de Estudios Superiores – Cuautitlán, Universidad Nacional Autónoma de México, (FESC-UNAM).

A. Postal 142,Cuautitlán-Izcalli, Estado de México, C. P. 54700, México. †Departamento de Física, Centro de Investigación y de Estudios Avanzados del IPN A. Postal 14-740, México D. F. 07000, México.

∗∗ Departamento de Posgrado, Centro Interdisciplinario de Investigación y Docencia en Educación Técnica (CIIDET), Av. Universidad 282 Pte., Col. Centro, A. Postal 752, C. P. 76000, Santiago de Queretaro, Qro., México.

Abstract. Flavor changing neutral currents (FCNC) decays t → H^0 + c, t → Z + c, and H^0 → t + c̄ are discussed in the context of Alternative Left-Right symmetric Models (ALRM) with extra isosinglet heavy fermions where FCNC decays may take place at tree-level and are only suppressed by the mixing between ordinary top and charm quarks, which is poorly constraint by current experimental values. The non-manifest case is also briefly discussed.

INTRODUCTION

Flavor-changing neutral currents (FCNC) are absent in the Standard Model (SM) at the tree-level due to the Glashow-Iliopoulos-Maiani (GIM) mechanism. However, new FCNC states can appear in top decays if there is physics beyond the Standard Model. In this context, rare top quark decays are interesting because they might be a source of possible new physics effects. In some particular models beyond the SM, rare top decays may be significantly enhanced to reach detectable levels [1].

Rare top decays have been studied in the context of the SM and beyond [2, 3, 4]. The top quark decays into gauge bosons (t → c + V ; V ≡ γ, Z, g) are extremely rare events in the SM. However, by considering physics beyond the SM, for example, the Minimal Supersymmetric Standard Model (MSSM) or the two-Higgs-doublet model (2HDM) or extra quark singlets, new possibilities open up [1, 5], enhancing this branching ratios to the order of ∼ 10^{−6} for the t → c + Z [6] channel and ∼ 10^{−4} for the t → c + H [7] case.

In the future CERN Large Hadron Collider (LHC), about 10^7 top quark pairs will be produced per year [8]. An eventual signal of FCNC in the top quark decay will have to be ascribed to new physics. Furthermore, since the Higgs boson could also be produced at significant rates in future colliders, it is also important to search for all the relevant FCNC Higgs decays.

On the other hand, while the electroweak SM has been successful in the description of low-energy phenomena, it leaves many questions unanswered. One of them has to do with the understanding of the origin of parity violation in low-energy weak interaction processes. Within the framework of left-right symmetric models, based on the gauge group SU(2)_L ⊗ SU(2)_R ⊗ U(1)_{B−L}, this problem finds a natural answer[9, 10]. Moreover, new formulations of this model have been considered in which the fermion sector has been enlarged to include isosinglet vectorlike heavy fermions in order to explain the mass hierarchy [11, 12]. Most of these models includes two Higgs doublets.

We consider the rare top decay into a Higgs boson and the FCNC decay of the Higgs boson with the presence of a top quark in the final state, within the context of these alternative left-right models (ALRM) with extra isosinglet heavy fermions. Due to the presence of extra quarks the Cabibbo-Kobayashi-Maskawa matrix is not unitary and FCNC may exist at tree-level.

THE MODEL

The ALRM formulation is based on the gauge group SU(2)_L ⊗ SU(2)_R ⊗ U(1)_{B−L}. In order to solve different problems such as the hierarchy of quark and lepton masses or the strong CP problem, different authors have enlarged the fermion content to be of the form

l^0_{i L} = ( ν^0_i e^0_i ) L , e^0_{i R} ; ^l^0_{i R} = ( ^ν^0_i ^e^0_i ) R , ^e^0_{i L}

Q^0_{i L} = ( u^0_i d^0_i ) L , u^0_{i R} , d^0_{i R}, ; ^Q^0_{i R} = ( ^u^0_i ^d^0_i ) R , ^u^0_{i L} , ^d^0_{i L} , (1)

where the index i ranges over the three fermion families. The superscript 0 denote weak eigenstates. In many of these models, extra neutral leptons also appears in order to explain the neutrino mass pattern, however we will focus in this work only on the quark sector.

In order to break SU(2)_L ⊗ SU(2)_R ⊗U(1)_{B−L} down to U(1)_{em} the ALRM introduces two Higgs doublets, the SM one (ϕ ) and its partner ( ^ϕ). Ref. [13] shows that from the eight scalar degrees of freedom, six become the Goldstone bosons required to give mass to the W^±, ^W^±, Z and ^Z; thus two neutral Higgs bosons, H and ^H, remain in the physical spectrum.

The renormalizable and gauge invariant interactions of the scalar doublets ϕ and ^ϕ with the fermions are described by the Yukawa Lagrangian. For the quark fields, the corresponding Yukawa terms are written as

L^q_Y = λ^d_{i j} Q^0_{iL} ϕ d^0_{jR} + λ^u_{i j} Q^0_{iL} ~ϕ u^0_{jR} + ^λ^d_{i j} ^Q^0_{iR} ^ϕ ^d^0_{jL}

+^λ^u_{i j} ^Q^0_{iR} ~^ϕ ^u^0_{jL} + μ^d_{i j} ^d^0_{iL} d^0_{jR} + μ^u_{i j} ^u^0_{iL} u^0_{jR} + h.c. (2)

where i, j = 1, 2, 3 and λ^{d(u)}_{i j} , ^λ^{d(u)}_{i j} , and μ^{d(u)}_{i j} are (unknown) matrices. The conjugate

fields ~ϕ (~ ^ϕ ) are ~ϕ = iτ_2ϕ^∗ and ~^ϕ = iτ_2 ^ϕ^∗, with τ_2 the Pauli matrix.

We can introduce the generic vectors ψ^0_L and ψ^0_R [14] , for representing left and right electroweak states with the same charge. These vectors can be decomposed into the ordinary ψ^0_{OL} and the exotic ψ^0_{EL} sectors

ψ^0_L = ψ^0_{OL}

ψ^0_{EL} ψ^0_R = ψ^0_{OR}

ψ^0_{ER} , (3) In the same way we can define the vectors for the mass eigenstates in terms of ’light’ ψ_{lL} and ’heavy’ ψ_{hL} states. The relation between weak eigenstates and mass eigenstates will be given through the matrices U_L and U_R by ψ^0_L = U_Lψ_L, ψ^0_R = U_Rψ_R where

U_a = ( A_a E_a F_a G_a ) , a = L, R (4)

Here, A_a is the 3 × 3 matrix relating the ordinary weak states with the light-mass eigenstates, G_a is a 3 × 3 matrix relating the exotic states with the heavy ones, while E_a and F_a describe the mixing between the two sectors.

In this model, thanks to the extra heavy quarks, it is possible to have a relatively big mixing between ordinary quarks. This is not a particular characteristic of the model but a general feature when considering models with extra heavy singlets [15].

The tree-level interaction of the neutral Higgs bosons H and ^H with the light fermions are given by

L^f_Y = g 2 √ 2 ψ_LA^†_L A_L m_f M_W ψ_R ( H cos α − ^H sin α )

+ ^g √ 2 ψ_L m_f M ^_W

F^†_R F_Rψ_R ( H sin α + ^H cosα ) + h.c. (5)

The neutral current in terms of the mass eigenstates, including the contribution of the neutral gauge boson mixing, can be written directly from this Lagrangian.

From the last equation we can see that, thanks to the non-unitarity of the A_a matrices we can have FCNC at tree-level. This characteristic appears due to the extra quark content of the model, which is not present in the usual left-right symmetric model.

FCNC TOP AND HIGGS DECAYS IN THE ALRM

Once we have introduced the model in which we are interested, we compute the expected branching ratio for a FCNC top or Higgs decay with a charm quark in the final state. We perform this analysis in this section.

Constraining the top-charm mixing angle

In order to have an expectation on the branching ratio for the FCNC top decay in the ALRM we need first an estimate on the mixing between the top and charm quarks in the model. One may think that the best constrain could come from the flavor-changing coupling of the neutral Z boson to the top and charm quarks, which can be written as:

L^{ct}_Z = e s_{θW} c_{θW} c (g_V + g_Aγ^5) γ^μ Z_μ t (6)

where

g_{V,A} =^1_4 (c_Θ −^g_{^g}^s 2 θW r_{θW} sΘ) η

L_{32} ± 1 4 ^g g c^2_{θW} r_{θW} sΘ η

R_{32} (7)

and s_{θW} , c_{θW} and r_{θW} are, respectively, sin θ_W , cos θ_W and √ cos^2 θ_W − (g^2/^g^2) sin^2 θ_W ;

θ_W is the weak mixing angle, Θ is the mixing between the Z and ^Z neutral gauge bosons. Here, η^L_{32} and η^R_{32} represent the mixing between the ordinary top and charm quarks and are given by η^L_{32} = (A^+_L A_L)_{32} η^R_{32} = (A^+_R A_R)_{32}. (8)

The mixing between the Z and the ^Z neutral gauge bosons, Θ, is expected to be small [16] if the ratio r_g = g/^g = 1 . However, one might think that for different values of r_g these bounds are not longer valid. This is actually true, however, for most of the values of r_g, the expected freedom for the mixing angle Θ is still limited.

We can see from the definition of r_{θW} that the value of this ratio can not be bigger than √ cos^2 θ_W / sin^2 θ_W ≈ 1.82. We can recalculate the constraint obtained in [16] taking into account the freedom of this parameter. In order to do this analysis we simply need to consider the appropiate range for the parameter r_g that will affect the coupling constants for the Z → e^+e^− that are needed for such computation:

g^e_{V,A} = −^1_2 (c_Θ −^g_{^g}^s 2 θW r_{θW} sΘ) ± 1 2 ^g g c^2_{θW} r_{θW} sΘ . (9)

Note that in this case we are not taking into account the lepton flavor violation that has been discussed in ref [13].

With this formula and the limit for g_A obtained from the experiment: g^{exp}_A = −0.4998 ± 0.00014 [17] we can obtain a constraint for the Θ mixing depending on the value of r_g. The result of such analysis is shown in Fig. (1) were it is possible to see that | sinΘ| ≤ 0.03, if the value of the ratio r_g is smaller than 1.6. As r_g approaches the critical value of 1.8, the constraint will disappear.

Therefore, the mixing angle Θ can be safely neglected for most of the values of g and ^g. In this case the expression in Eq. (7) will not depend on the parameter η^R_{32}. For the present analysis we will consider only the case with g = ^g, and therefore from now on we will denote η_{32} = η^L_{32}.

From Eq. (6) we can compute the branching ratio for the decay t → Z +c and compare it to the experimental limit B(t → Z + c) ≤ 0.137 [18] at 95 % C. L. We will get the maximum value for η_{32} ≤ 0.53.

Although we have found a direct constrain to η_{32}, it is possible to get a stronger limit if we use the unitarity properties of the mixing matrix and the constrain on η_{22} that comes from the branching ratio Γ(Z → c + c̄). The experimental value for the branching

FIGURE 1. Expected value of g_A for the model in dependence on the mixing angle between Z and ^Z, and the ratio r_g = g/^g. The horizontal lines shows the 90 % C. L. allowed by the experiment.

ratio of this process is given by B(Z → cc̄) = Γ(Z → cc̄)/Γ_{total} = 0.1181 ± 0.0033 (see [19]). Using this experimental value, the minimum value for η_{22} at 95 % C. L. will be η_{22} ≥ 0.99.

This information is of great help for constraining η_{32} since the unitarity of the mixing matrix has already been analyzed in the general case [20] and leads to the relation |η_{32}|^2 ≤ (1 − η_{33})(1 − η_{22}).

Although we don’t know the value for η_{33}, the boundary on η_{22} is enough to see that the mixing parameter η_{32} ≤ 0.1. The higher value η_{23} = 0.1 is obtained when we take the extreme case η_{33} = 0, as can be seen from the equation in the previous paragraph.

It is possible to obtain more stringent constraints if low-energy data are considered. For the case of two extra quark singlets, this analysis was done in a very general framework in Ref. [5]. After a very complete analysis of all the observables, the author of this article obtained |η_{32}| ≤ 0.036. This relatively large value is allowed for the case of a exotic top mass similar to that of the SM top-quark (There are not stringent lower bounds on the mass of a exotic top quark, being 220 GeV the current direct limit [21]). In the case of a very heavy mass for the exotic top-quark the constraint is more stringent: |η_{32}| ≤ 0.009. In what follows we will use these two values in order to illustrate the expected signals from rare Higgs and top decays.

The decays t → H^0 + c and H^0 → t + c̄

Now that we have an estimate for the value of η_{32}, we compute the branching ratio for t → H^0 + c in the framework of ALRM. We take the charged-current two-body decay t → b +W to be the dominant t-quark decay mode. The neutral Higgs boson H^0 will be assumed to be the lightest neutral mass eigenstate.

Assuming M_{^H} ≫ M_H the vertex tcH^0 is written as^{gmt η32}_{2MW} cos α P_L. The partial width for this tree-level process can be obtained in the usual way and it is given by:

G_F η^2_{32} cos^2 α 16 √ 2π m_t ( m^2_t + m^2_c − M^2_H )[( m^2_t − ( M_H + m_c )_2 )( m^2_t − ( M_H − m_c

)_2 )] 1_2 (10)

where G_F is the Fermi’s constant, m_t denotes the top mass, m_c is the charm mass, and M_H is the mass of the neutral Higgs boson. We can see from this formula that the branching ratio will be proportional to the product η_{32} cos α, of the top-quark mixing with the SM Higgs boson mixing with the extra Higgs boson.

The branching ratio for this decay is obtained as the ratio of Eq. (10) to the total width for the top quark, namely B(t → H^0 + c) =^{Γ(t→H0+c)}_{Γ(t→b+W)} .

Thanks to the possible combined effect of a big cos α (null mixing between the SM Higgs boson and the additional Higgs bosons) and a big value of η_{32} this branching ratio could be as high as ≈ 3 × 10^{−4}, for a Higgs mass of 117 GeV . Perhaps is more realistic to consider the more stringent constraint η_{32} = 0.009, but even in this case, for cos α ≈ 1 there is still sensitivity for detecting a positive signal of order 10^{−5}.

Finally we also consider the case of a Standard Higgs with a large mass. The best-fit value of the expected Higgs mass, including the new average for the mass of the top quark, is 117 GeV [22] and the upper bound is M_H ≤ 251 GeV at 95 % C L. However, the error for the Higgs boson mass from this global fit is asymmetric, and a Higgs mass of 400 GeV is well inside the 3σ region as can be seen in Ref [22].

We estimate the branching ratio for the decay H^0 → t +c̄, where H^0 is the light neutral Higgs boson of the ALRM. The expression for the partial width is

3 G_F m^2_t η^2_{32} cos^2 α 8 √ 2 π M^3_H ( M^2_H − m^2_t − m^2_c )[( M^2_H − ( m_t + m_c )_2 )( M^2_H − ( m_c − m_t

)_2 )] 1_2 . (11) The branching ratio for this decay is obtained as the ratio of Eq. (11) to the total width of the Higgs boson, which will include the dominant modes H^0 → b + b̄, H^0 → c + c̄, H^0 → τ + τ̄, H^0 → W +W, and H^0 → Z + Z. The expressions for these decay widths in the ALRM also includes corrections due to the new parameters introduced in the model, and they are taken into account [23].

We computed the branching ratios for different decay modes, both for the Standard Model case (η_{32} = 0 and η_{ii} = 1) and for the FCNC case. We found that, also for a heavy Higgs, there are chances to either detect or to constrain the mixing angle parameter η_{32}. In this case, since all the partial widths have the same dependence on cos^2 α, the branching ratios will depend only on η_{32}.

RESULTS AND CONCLUSIONS

The ALRM allows relatively big values of η_{32}. The t → H + c branching ratio could be of order of 10^{−4}, which is at the reach of LHC. It has been estimated that the LHC sensitivity (at 95 % C. L.) for this decay is Br(t → Hc) ≤ 4.5×10^{−5} [24]; this branching ratio would be obtained in this model for a top-charm mixing η_{32} = 0.015 and a diagonal ordinary top coupling η_{22} ≃ 0.98. On the other hand, the FCNC mode H → t + c̄ may reach a branching ratio of order 10^{−3} and can also be a useful channel to look for signals of physics beyond the SM in the LHC.

ACKNOWLEDGMENTS

This work has been supported by Conacyt and SNI.

REFERENCES

1. S. Béjar, J. Guasch and J. Solá, Nucl. Phys. B600, 21 (2001).

2. J. L. Diaz-Cruz, R. Martinez, M. A. Perez and A. Rosado, Phys. Rev. D41 891 (1990); 3. E. Jenkins, Phys. Rev. D56, 458 (1997).

4. B. Mele, S. Petrarca, A. Soddu, Phys. Lett. B435, 401 (1998).

5. J. A. Aguilar-Saavedra, Phys. Rev. D67 035003 (2003) [Erratum Phys. Rev. D69 099901 (2004)] 6. J. A. Aguilar-Saavedra and B. M. Nobre, Phys. Lett. B553 251 (2003). 7. A. M. Curiel, M. J. Herrero and D. Temes, Phys. Rev. D67, 075008 (2003). 8. M. Beneke, I. Efthymiopoulos, M. L. Mangano, J. Womerslwy et. al., hep-ph/0003033. 9. J. C. Pati and A. Salam Phys. Rev. D10 275 (1974); R. N. Mohapatra and J. C. Pati Phys. Rev. D11 566 (1975) and Phys. Rev. D11 2558 (1975); G. Senjanovic and R. N. Mohapatra Phys. Rev. D12 1502 (1975);

10. Rabindra N. Mohapatra Unification and Supersymmetry Springer 2003 and references therein. 11. A. Davidson and K. C. Wali, Phys. Rev. Lett. 59 393 (1987); S. Rajpoot Phys. Lett. B191 122 (1987).

12. K. Kiers, J. Kolb, J. Lee, A. Soni and G. H. Wu, Phys. Rev. D66 095002 (2002);

[arXiv:hep-ph/0205082].

13. V. E. Cerón, U. Cotti, J. L. Díaz-Cruz and M. Maya, Phys. Rev. D57 1934 (1998); U. Cotti et. al.

Phys. Rev. D66 015004 (2002).

14. P. Langacker and D. London, Phys. Rev. D38 886 (1988).

15. J. A. Aguilar-Saavedra, Acta Phys. Pol. B 35 2695 (2004) arXiv:hep-ph/0409342. 16. O. Adriani et. al., L3 Coll, Phys. Lett. B306 187 (1993); J. Polak and M. Zralek, Phys. Rev. D46 3871 (1992); M. Maya and O. G. Miranda Z. Phys. C68 481 (1995).

17. M. Acciarri et al. [L3 Collaboration], Z. Phys. C 62, 551 (1994). 18. G. Abbiendi et al. [OPAL Collaboration], Phys. Lett. B521 181 (2001). 19. S. Eidelman et al. (Particle Data Group), Phys. Lett. B 592 1 (2004). 20. F. del Aguila, J. A. Aguilar-Saavedra, Phys. Rev. Lett. 82 1602 (1999). 21. D. Acosta et al, Phys. Rev. Lett. 90 131801 (2003).

22. V. M. Abazov et al. [D0 Collaboration], Nature 429, 638 (2004) [arXiv:hep-ex/0406031]. 23. R. Gaitan, O. G. Miranda and L. G. Cabral-Rosetti, Phys. Rev. D 72, 034018 (2005) [arXiv:hep-ph/0410268].

24. J. A. Aguilar-Saavedra and G. C. Branco, Phys. Lett. B495 347 (2000). [arXiv:hep-ph/0004190].